Scholars' Mine
Masters Theses

Student Theses and Dissertations

1960

Construction of a pulsed perforated-plate extraction unit
Clarence James Vetter Jr.

Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses
Part of the Chemical Engineering Commons

Department:
Recommended Citation
Vetter, Clarence James Jr., "Construction of a pulsed perforated-plate extraction unit" (1960). Masters
Theses. 5577.
https://scholarsmine.mst.edu/masters_theses/5577

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.

CONSTRUCTION OF A PULSED PERFORATEDPLATE EXTRACTION UNIT

BY
CLARENCE JAMES VETTER, JR.

A

THESIS
submitted to the faculty of the

SCHOOL OF MINES AND METALLURGY OF THE UNIVERSITY OF MISSOURI
in partial fulfillment of the work required for the
Degree of

MASTER OF SCIENCE IN CHEMICAL ENGINEERING
Rolla, Missouri
1960

Approved by

~~11.4:~~r..~~~r.=::~ Adv1 ser)

-ii-

TABLE OF CONTENTS

TITLE PAGE................................. .. ...........
TABLE. ep,~.

i

CONTENTS.. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •. • • · 11 ·

LIST OF FIGURES.• •••••••••••••••• •................... v11i
LIST OF TABLES ••• • • , • ••••••••••••••••••••••••••••••• ·•

<X.

I.

INTRODUCTION •••••••• -..•••••••••••••••••••••••••

II.

LITERATURE REVIEW••••••••••••••••••••••••••••••

3

Liquid-Liquid Extraction •• ~...............

3

Definition of Liquid-Liquid
Extraction ••••••••••• ,~···•••••••••

4

Extract and Raffinate •••• ~...........

5

Height. Equivalent to a Theoretical
Stage •••••••••••••••••• ~...........

5

Height per Transfer Unit.............

6

Systems of Operation..................

7

Continuous Countercurrent
Extraction. • • • • • • • • • • • • • • • • • • •

.8

Countercurrent Multiple Contact.

8

Cocurrent Multiple Contact......

9

Liquid-Liquid Extraction Applications in
the Nuclear Field •••• ·• • • • • • • • • • • • • • • • • • •

9

Production of Ore Concentrates by
Liquid-Liquid Extraction ••••••••• ~.

10

Amex Extraction Process •••••••••

11

The Dapex Process •••••••••••••••

13

-111- -

Production of Uranium and Thorium ••••

14

Reprocessing of Irradiated Fuels •••••

17

The Redox Process •••••••••••••••

18

TBP Metal Recovery ••••••••••••••

20

The Purex Process •••••••••••••••

20

Chelation Process •••••••••••••••

22

The 25 Process, Hexone Solvent ••

22

The 25 Process, Tributyl -.
Phosphate Solvent •••••••••••••

23

The Hexone-23 and Interim-23
Processes •••••••••••••••••••••

23

The Thorex Process ••••••••••••••

24

Other Processes •••••••••••••••••

25

--

The Pulsed Perforated-Plate Contactor •••••

26

Description of Pulsed PerforatedPlate Contactor •••••••• ~ •••• .•......

27

General Performance Characteristics
of Pulse Columns.' ••••••••••••••••••

29

Flooding Due to Insufficient
Pulsation ••••• -. . • • • • • • • • • • • • • • ,~
Mlxe:r-Settler T.ype _Operation ••••

31

Emulsion Type Operation •••••••••

32

Unstable Operation...............

32

Flooding D\le to Emulsification ••

32

VarJ.~blea Affeoting the Efficiency of
Pulse Columns ••••••••••••••••••••••

33

Effects .o f Pulse Frequency and
Pulse Amplitude •••••••••••••••

34

..

Effect of Pulse Wave F'orm ••• ·•••• ·34

-iv-

Effects of Throughput -Rate ••••••

34

Effects of Volumetric Flow Ratio

·35

Effects of Plate Geometry ••••••• . 35

III..

Effects of Plate Material •••••••

36

Advantages of Pulse Columns ••••••••••

36

Disadvant.a ges of ·Pulse Columns •••••••

38

Data for the System TrichloroethyleneWater-Methanol ••••••••••••••••••••••••••

38

EXPERIMENTAL •••·•• .•.••••••••••••••••• • • • • • • • • • • • •

43

Purpose of Investigation..................

43

Plan of Investigation•••••••••••••••••••••

43

Literature Review.....................

44

Modification of Extraction Design ••••

45

Construction of the Extraction Unit ••

45

Selection of a System ••••••••••••••••

46

Operating Instructions •••.•• ~.........

48

Operation of the Pulse Column ••••••••

48

Materials and Apparat.us •••••• ~......... •• •

48

Construction and Installation of Equipment

49

Tank Rack and Tanks. • • • • • • • • • • • • •.• • • •

49

Pumps and Pump Rack. • • • • • • • • • • • • • • • • •

51

Control Valves and ·c ontrol Valve Rac·k

51

Flow Transmitters and Flow Transmitter Rack ••••••••••••••• ~ ••••••••

51

Instrument Panel •••••••••••••••••••••

56

Process Piping •••••••••••••••••••••••

56

Instrument Air Piping •••••••• ~ •••••••

56

-v-.

Electrical Wiring •••••••• ~···•••••·••

62

Temperature Measurement •••••••••••••

62

Variable Speed Drive............. .. ..

65

Eccentric •••••••••••••••••••••••••••

69

Pulse Amplitude Adj us tor.......... .. .

69

Bellows •••••••••••• ~·•••••••••••••••

76

Pulse Column ••••••••••••••••••••••••• 78
Operating Instructions ••••••••••• ·• •••••••• 82
Flow Diag~am ••••••••••••••••••••••••

84

Pulse Column ••••••••••••••••••••••••

86

Rotat~ng Disc Column ••••••••••••••••

86

·cocurrent Multiple Contact, Pulse
Column to Rotating .Disc Contactor.

87

Cocurrent Multiple . Contact, Rotating
Disc Column to Pulse Column ........

87

Countercurrent Multiple Contact,
Pulse Column to Rotating Dis.c
Column ••••••••••••••••••-..........

88

Countercurrent Multiple Contact,
Rotating Disc Contactor to Pulse
Col'UID.!l ••••••••••••••••••••••••••••

89

Transfer Extract from Tank One to
Tank

Two............................

90

Transfer Extract from Tank Two to
Tank One••••••••••••••••••••••••••

90

Transfer Raffinate to Feed Tank •••••

90

Transfer Extr.a ct to Distillation
Unit••••••••••••••••••••••••••••••

90

Transfer Methanol from Distillation
Unit •••••••••••••• •.• •••••••..•.•.....

91

Transfer Water from Disti,llati,o n Unit 91

-vi-

Add Methanol or Trichloroethylene
to the Unit. · ~ • • • • • • .. • • • • • • • • • • • • •

91

Operation of the Pulsed PerforatedPlate Contactor ••• ;~...............

91

Pulse Frequency Adjustment.....

91

Pulse Amplitude Asjustment.. •.• •

93

Start-up Procedure for the
Pulsed Perforated-Plate Column. 93

IV•

Shµt-down Procedure for the
Pulsed Perforated-Plate
.Column................. • • • • • • •

97

Flow Conditions for an Extraction
Experiment........................

98

Analy.sis of Process Fluids..........

99

Operation of the Pulse Column. • • • • • • • • • • •

100

Pulse Column Operation ••••••••••••••

100

.Analyses of Extract ~amples ••••

102

Results of Operation-Test •••••••••••

105

DISCUSSION ••••••••••••••• ~··••••••••••••••••••

106

. Discussion of Design •••••••• -~............

106

Instructional Facility ••••••••••••••

106

Flexibility of Design •••••••••••• ~ ••

107

Discussion of Equipment Operation ••••••••

108

Recommendations ••••••• •.•.................

108

· ,

Pulse Column Experiments·•••••••••••• : . ·1'09
Different Liquid Systems ••••••••••••

109

Flooding Velocity Experiments •••••••

110

Extraction Unit Capacity ••••••••••••

110

Interface Controllers •••••• .•••••••••

110

-vii ...
Coating Inside Storage Tanks ••••••••

.111

Feed Mixing Tank•••••••··~···•••••••

111

Limitations •••••••••••.••.•••••••••••••••••

112

Flow Rates, Concentrations, and
Phase Ratios ••••••••••••••••••••••

112

Column Dimensions •••••••••••••••••••
Pulse Frequen-0y •••••••••••••••••••••

114

Pulse Amplitude •••••••••••·• • • • • • • • • •

114

Materials of Construction •••••••••••

114

V.

CONCLUSIONS •••••• .• •••••••••••••••••••••••.••.•.••

115

VI.

SUJ.mARY ............... •.• ••••••••••••••••• ~ •••••

116

VII.

.BIBLIOGRAPHY ••••••••••••••••••••••••••••••••••

·119

VIII. ACKNOWLEDGEMENTS •••••••••.•••••••••••••••••••••

132

IX.

134

VITA•••••••••••••••••••••••••••••••••••~••••••

-viii-

LIST OF FIGURES

Figure
Figure

1.
2.

Generalized Flow Sheet of Uranium
Purification by Solvent Extraction ••••

15

Schematic of Pulsed Perforated-Plate
Extraction Column. • • • • • • • • • • • • • • • • • .• • •

28

Figure

3.

Regions of Pulse Column Operation •••••••

30

Figure

4.

The Tank Rack While Under Construction ••

50

Fig_ure

5.

Tank Rack and Tank Farm •••••••••••••••••

52

Figure

6.

Pumps and ·Control Valves ••••••••••••••••

53

Figure

7.

Front View of the Flow Transmitters •••••

54

Figure

8.

Rear View of the Flow Transmitters ••••••

55

Figure

9.

Locations of Instruments on the
Instrument Panel .......................

57

Figure 1o·.

The Instrument Panel •••••••••••••••••• ·••

58

Figure 11.

Instrument Air Compressor •••••••••••••••

59

Figure 12.

Rear View of the Instrument Panel •••••••

61

Figure 13.

Wir~ng Diagram •••••.••••••••••••••••.•••••

63

Figure 14.

Thermocouple Wells for Extraction Unit•.

6.4

Figure 15.

Locations of Thermocouples ••••••••••••••

66

Figure 16.

Motor Foundation •••••••••••••.•••• .•••••••

67

Figure 17.

Variabte Speed Drive and Pulse
Mechanism •••••••••••.•••••••• ·••••••••••

68

Figure 18.

Pillow Bl~9k.~••••••••••••••••••••••••••

70

Figure 19.•

Pulse Mechanism •••••••••••••••••••••••••

71

Figure 20.

Pulse Adjustor. .•.••••••••••••••••••••••••

72

Figure 21.

Pulse Adjustor Guide............... ......

73

-ix-

Figure 22.

Bellows Actuator Plate •••••••••••••••••••

74

Figure 23.

Upper Bellows Plate ••••••••••••••••••••••

77

Figure 24.

The Extraction Columns •••••••••••••• .;..... 79

Figure 25.

A Section of the Pulse Column Showing
the Perforated-Plates and Spacers......

8.1

Figure 26.

Center Rod Anchor Plate._.................

83

Figure

Extraction Flow LJ1agram ••••••••••••••••••

65

'Z(.

· Figure 28.

Calibration Chart i'or

V

.s .D.

on

.t' .E.C....

92

-x-

LIST OF TABLES

Table
Table

~- I.

II.

Table III.

Processes for Chemical Separation of ·
Fissionable and Fertile Materials •••••

19

Equilibrium Data for the System WaterMethanol-Trichloroethylene at 20 oc; ••

39

Equilibrium ·Tie Line Data for the
System Water-Methanol-Trichloroethylene

at

Table

Table
Table

20 °0 ••••••••••••••••••••••••••••••

40

Refractive Indices for the System
Wa ter-Methanol-Trichloroethylene a ta.
25 oc •••••••••••••••••••••••••••••.••••

41

v.

Fire, Explosion, and Toxicity
Limitations •••••••••••••••••••••••••••

47

VI.

Calibration of Dial on Pulse Mechanism
Variable Speed Drive •• •................

94

rv.

·Table VII··

Pulse Column Experiment Data •••••••••••• 103

Table VIII.

Analyses of Extract Samples ••••••••••••• 104

I.

INTRODUCTION

Liquid-liquid extraction is an important operation in
the production and reprocessing of nuclear fuels. · In the
purification of uranium by liquid-liquid extraction, uranyl
nitrate is separated from impuri'ties by extraction into an
organic solvent, followed by re-extraction into an aqueous
phaae.

Further prooeaaing ot the aqueous uranyl nitrate

solution is tailored to yield uranium metal or any desired.
uranium compound.
In order that students in nuclear and chemical engineering may have an understanding of the practical as well
as theoretical aspects of liquid-liquid extraction, a model
of a uranium purification plant was designed and built in
the Unit Operations Laboratory of the Missouri School of
Mines and Metallurgy.

For reasons of safety, the system

used in the model could not include radioactive materials
or heavy metals; therefore, the chemical processing of nuclear fuels was illustrated using methanol, trichloroethylene, and water.
The model include~ a rotating disc extraction column
and a pulsed perforated-plate column for carrying out separations based
.. on solubility relationships, and a bubble cap
distillation column in which separations are based on
vapor pressure differences.

Methanol (representing uranyl
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nitrate) was extracted from a methanol-trichloroethylene
solution (representing the impure uranyl nitrate solution)
into a water phase (which represented the orga.p.ic solvent).
The resulting methanol-water solution was separated in a
distillation column which represented the re-extraction of
uranyl nitrate into an aqueous phase.

The model unit was

highly instrumented to illustrate the use and operation of
control instruments and to provide a permanent record of
important variables.

Analytical instruments were included

to provide additional information necessary to the study of
material and energy relationships.

The extraction and dis-

tillation columns were glass to allow visual observation of
their operation.
The objectives of this investigation were:

to

construct a pulsed perforated-plate extraction column and
associated equipment which, together with the rotating disc
column, comprise. the extraction· unit; to prepare operating
instructions; and to perform preliminary experiments in the
equipment.
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II.

LITERATURE REVIEW

The literature review is divided into four sections:
( 1)

a brief review of the unit operation liquid-liqui.d .

extraction;

(2)

a discussion of some of the more impor~

tant liquid-liquid extraction processes in the nuclear
program;

(3)

the operating characteristics, variables,

and advantages and disadvantages of the pulsed sieve-plate
extraction contactor; and

( 4)
.. -. the equilibrium and tie-line

data -for the extraction system, trichloroethylene-watermethanol

Liquid-Liquid Extraction
Liquid-liquid extraction is a unit operation based on
solubility differences(62) for the separation of a solute
from a liquid solution.
when:

(1)

nonvolatile,

The method is especially usefu1(4)

the components of the solution are relatively
(2)

the components have substantially the

same volatilities from the solution,

(3)

one or more of

· the components are sensitive to the temperatures required
for separation by distillation, or

(4)

the desired less

volatile component is present in relatively small amounts
in the solution.

Liquid-liquid extraction is obviously a

method well suited to separations in the fields of organic
chemicals, pharmaceuticals, and petroleum refining.

As a
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matter of fact, it was in these industries that liquidliquid extraction was first accepted as an industrial tool.-)
The purpose of this section of the literature review
is to present a brief description of the unit operation
liquid-liquid extraction, and to define certain associated
terms which appear in later sections.
Definition of Liquid-Liquid Extraction.

Liquid-

liquid extraction depend·s upon solubility differences to
achieve a transfer of a solute between two liquid phases
which are totally or partially immiscible(4,38, 103).

Every

extraction operation involve~ the following steps(4):

(1)

intimate mixing of the solution to be treated with the
extracting solvent so that the solute is transferred from
the solution to the solvent, and
imm~scible phases.

(2)

separation of the

In the simplest extraction system, the

feed solution consists only of the solute to be transferred
and a solvent known as the carrier(l3) solvent.

The extrac-

ting solvent is immiscible or miscible to only a limited·
extent with the carrier solvent(4,39).

In more complex

systems, a multicomponent feed solution may contain several
solutes which are soluble to different extents in the contacting solvent; or two_ mutually immiscible liquids may be
added to the original solution, each of which perferentially dissolves different components of the feed( 103).
Stage.

A stage(5,4o,105) is a mechanical device in

which the solution to be separated and the contacting sol-
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vent are intimately mixed, allowed to approach equilibrium,
and separated into two liquid phases which are then with
drawn.

A theoretical or ideal stage is one .in which ·the

liquid phases produced are equilibrium solutions C40, 105),
that is, no concentration change would be observed -in either
phase if the two phases remained in contact with each other
in a seal~d container at a constant temperature and pressure.

Methods for calculating the number of theoretical

stages necessary to carry out a desired separation by
. liquid-liquid extraction may be found in Treybal(l04),
Sherwood and Pigford(89), PerryC42), and Bull and Co11(l2)
as well as in chemical engineering unit operation text- .
books(2,6,57).
, Extract and Raffinate~

The liquid phases from a stage

are termedC39,105) the extract (the phase which contains
the greater proportion of the extracting solvent) and the
raffinate (the phase containing the lesser proportion of
the extracting solvent).
Height Equivalent to

a

TheQretical Stage.

Often it

is necessary to design continuous-countercurrent extraction
equipment from data obtained in small scale apparatus.

A

common method involves :a factor known as the height equivalent to a theoretical stage (H.E.T.S~), defined(108) as
follows:

H = n(H.E.T.S.)

( 1)
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where:
H
n

= height
= number

of the tower, ft
of theoretical stages,

dimensionless
H.E.T.S.

= height

equivalent to a theoretical

stage, ft.
The u~e of H.E.T.S. is not entirely satisfactory(108) since
it applies a procedure involving stepwise changes in concentration to an operation where the concentration actually
changes differentially with height.

Height equivalent to

a theoretical stage may also be used as a measure of extraction efficiency.

If the extraction efficiency is improved,

the extraction corresponds to a greater number of theoretical stages (n) and from equation (l) H.E.T.S. is
reduced.
Height per Transfer Unit.

A design method for

continuous . count·e rcurrent contact equipment based on differential concentration changes involves the experimentally
determined height per transfer unit (HTU).

The number of

transfer units is defined(43,109) as follows:

1

NtR=

XR1 ( l ·--.. xR)iM dxR

R2 .( .1
•'!'"

XR) ( XR - XRi )

where:
Nt = number of transfer units, dimensionless
x

= mol

fraction solute, dimensionless

(2)
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subscripts;

= that

end of the tower where solutions are

concentrated
2

= that

end of the tower where solutions are

dilute
i

= interface

M = mean
R

=raffinate phase

Since the terms (1-xR)1M and (1-xR) are usually nearly
unity(109), the number of transfer wilts is essentially the
concentration change .dxR experienced per unit of concentration difference (xR-XR-~ causing the change.

The height of

a tower (H) to carry out an extraction is the number or ·
transfer units multiplied by the height of a transfer
unit( 109).

H = (HTUR) (NtR)

( 3)

Similar calculations may be made based. on concentration
changes in the extract (E) phase in which case:

( 4)

Systems of Oper1tion.

Two or more continuous coun-

tercurrent extractors may be operated separately; as a
countercurrent multiple contact unit; or as a cocurrent
multiple contact unit.
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Continuous ·Countercurrent Extraction.

Continuous

countercurrent extraction is usually carried out in
vertical towersC 104) with the feed solution and ~xtracting solvent entering at opposite ends and flowing, by
virtue of their different spec;:if'ic gravities, · countercurrently through the contactor.

Raffinate is with-

drawn from the sol.v ent end of the column and extract
is withdrawn from the feed end of' the column.

A

single tower may be equivalent to several theoretical stages(110).
Countercurrent Multiple Contact.

Several extrac-

tors operating as a countercurrent multiple contact
unit(41) are connected so that the raffinate from the
first column flows as feed to the second column and
the extract from the second extractor serves as solvent
for the first extractor.

Fresh feed is added to and

final · extract is withdrawn from the first column while
.fresh solvent is added and final raff'inate is withdrawn from the last column.

Any number of contactors

may be connected in this mannerC41,107).

The two

phases flow countercurrently through the unit and the
net effect is the- same as if the extraction were carried out in a single tall tower operating as a continuous countercurrent -contactor.
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Cocurrent Multiple Contact.

When several extrac-

tors are operated as a cocurrent multiple contact
unit( 14,40,106), feed is added to the first contactor
and the raffinate from each extractor passes to the
next successive extractor.

Fresh solvent of the same

composition is added to each contactor, and extract
is w.ithdrawn from each contactor.

Liquid-Liquid Extraction Applications in the Nuclear Field.
The atomic energy program in World War II required
large quanities of uranium containing(lll) less than 10-4
per cent of such elements as boron, cadmium and indium.
Uranium :was separated from impurities by the extraction of
uranyl nitrate from nitric acid solutions with diethyl
etherC64,111).

Liquid-liquid extraction has since found

application not only in improved methods for the production
of uranium and thorium from ore concentrates, but in pr_o ducing uranium and thorium concentrates from ore solutions and leach slurries(7), and in recovering and sep. arating fissionable and fertile products from irradiated
nuclear fuels(22).

Some of the most important processes

are described briefly below.

More detailed information on

these and other processes may be found in The Proceedings
of the Uni'ted Nations International Conference on the Peaceful Uses ·of Atomic Energy Volumes Eight(7l) and Nine(72),
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The Proceedings of the Second United Nations International
Conference on the Peaceful Uses of Atomic Energy Volumes
Three(73) and Seventeen(74), Chemical Processing and
Equipment(l5), and T.he Chemical Processing of Nuclear
Fuels( 58).
Production of Ore Concentrates by Liquid-Liquid
Extraction.

Current specifications(?) of the United States

Atomic Energy Commision for uranium ore concentrates re( {'')

quire more th£t 75 per cent U308 with limits on the amounts
of certain unwanted elements. Since the ore generally
conta1ns(115) between some ten thousandths and a few hundredths per cent uranium, the uranium must be concentrated
and purified prior to shipment to the uranium processor.
The use of liquid-liquid extraction for the concentration
of uranium is attractiveC7) because of the applicability
of the method to by-product metal recoveries, adaptability
to a wide range of feed liquors, high extraction selectivities, ease of extraction reagent clean-up for reuse, ·simple
continuous operation, and low installation costs for a highly flexible plant •
. Dissolution of the ore usually involves leaching(?)
with a solution of either sodium carbonate (alkaline leach)
or sulfuric acid (acid leach).

Each method has certain ad-

vantages in applications to specific types of ore, but in
most exi~ting uranium mills, acid leaching is preferred(?).
The sulfuric acid leach liquor of Western United States ores
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containsC8) between 0.5 and 2 grams of ur~ium per liter of
solution.

The organic extractants used in the refining of

uranium and in the. rep:r.ocessing of irradiated rea.ctor fuels
perform best on aqueous feeds containing . the nitrate ionC7)
and are not directly applicable to ore leach liquors.

A

systematic study at Oak Ridge National Laboratory indicated .that certain long chain alkyl amines and dialkypho_sphoric acidsC7) could be used to extract uranium from
sulfate leach liquors.
Amex Extraction Process.

The aminesC8) showing

the greatest selectivity for uranium are highly
branched, se·c ondary a.mines ( branching close to the
nitrogen) and tertiary amines, especially symmetrical tertiary amines such as tri-iao-octylamines.

Of

the elements likely to be found in ore leach liquors,
only · molybdenum and vanadium in the oxidation state
of +5 .are extracted in appreciable qua.nitiea with the
uranium using these two types of amines.

Vanadiun1 · can

·be eliminated from the extraction by reduction to
vanadium in the oxidation state of +4 (vanadium (IVU
or by proper control of the liquor pH.

Molybdenum is

not a significant contaminant of most uranium ores,
however, in instances where molybdenum does occur, it
is separated from the uranium in the stripping cycle.
The clear sulfate ore leach liquor is contacted
in countercurrent equipment with the a.mine which is
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diluted with kerosene containing a small amount of a
long chain alcohol.

The alcohol is often recommended

to improve phase disengagement rates and aminekerosene miscibility.

In the extractor, · uranium is

transferred from the aqueous phase to the organic phase,
leaving a raffinateC8) containing leas than 0.005 grams

ot

u3oa

per liter of solution.

Uranium may be · stripped (re-extracted into an
aqueous phase) by any of several methods:

(1)

The

loaded organic phase can be contacted with a chloride
or nitrate solution in which case the uranium is transferred to the aqueous phase as the uranyl ion
(2)

uo 2++.

By maintaining the pH of the aqueous· stripping

solution at a level high enough to hydrolyze most of -the amine to the free base form but not so high as to
precipitate the uranium, the uranium is stripped into
the aqueous phase as the uranyl ion.

(3)

Stripping

solutions such as sodium or ammonium carbonate can
also be used.

In this case the uranium reports to the

aqueous phase as the soluble tricarbonate complex,
Na 4uo

(ao 3 ) 3 , while the amine is simultaneously re2
generated to its ~~ee-base form. (4) Uranium is
also stripped with magnesium oxide slurries.

The

amine salt is converted to the free base and uranium
is precipitated from the organic phase as magnesium
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diuranate, MgU207 , which settles into the aqueous phase
and is separated by filtration.
Uranium is recovered from the strip liquor by
precipitation(80) as sodium diuranate or ammonium diuranate.
Commercial use . is being made of the Amex uranium
process(8) at the Eldorado Mining and Refining Limited
· mills at Port Radium, Canada, the Texas-Zinc Company
mill at Mexican Hat, Utah,· the Kermac mill at Ambrosia
Lake, New Mexico, and the Lakeview Mining Company mill .
at Lakeview, Oregon.
Following uranium removal, thorium can be recov.e red( 9) from the ore leach liquor in a second extraction cycle using an amine with high thorium extraction power,

1·~·,

a primary amine or a secondary amine

with no branching or with branching distant from the
nitrogen.

Thorium can be stripped from the organic

phase by the chloride, nitrate, or carbonate methods
described previously.
The Dapex Process.

The extracting agents in the

Dapex process(10) are dialkylphosphoric acids with the
general formula HOOP(OR) 2 , where R is an alkyl group.
The ore leach, which may be chloride, nitrate or
sulfat~. solution, is contacted with the dialkylphosphoric acid diluted with kerosene.

Uranium is trans-

ferred to the organic solution as the uranyl ion.
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The stripping solution is usually sodium carbonate.
Here, the uranium is transferred to the aqueous phase
as the soluble tricarbonate complex and the dialkylphosphoric acid reagent is converted to the sodium
salt.

The alkali salts formed during stripping tend

either to precipitate or to form a third liquid phase.
This third phase can be avoided by adding to the
·organic phase certain long chain aqueous-insoluble alcohols or neutral organophosphorus compounds such as
trialkylphosphates, phosphonates, phosphinates, and
phosphine oxides.
The pregnant strip solution is filtered to remove
precipitated metal contaminants.

Uranium is recovered

from the filtrate by adding sulfuric acid to destroy the
carbonate, followed by the addition of ammonia or
sodium hydroxide to precipitate uranium as ammonium
diuranate or sodium diuranate.
Commercial installations of the Dapex process are
being operated by the Kerr-McGee 011 Industries at
Shiprock, New Mexico, the Climax Uranium Company at
Grand Junction, Colorado, the Union Carbide Nuclear
Company at Rifle, Colorado, the Gunnison Mining Company at Gunnison, Colorado, and the Freemont Minerals
Company.. at Riverton, Wyoming.
Production of Uranium and Thorium.

A simplified

uranium extraction process flowsheet is given in Figure 1.
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E'1gure 1.

Generalized Flow Sheet of

Uranium Purification by Solvent
Extraction

,Philoon, W. C., R. M. Edwards, and R. H.
Fariss: Development of the TBPHexane Process for Uranium Purification, p. 2, Reprint of paper
presented before 135th National
Meeting of the American Chemical
Society at Boston, Mass., April
6-10, 1959.

Either diethyl ether or tributyl phosphate (TBP) dissolved
in an inert organic carrier makes up the organic phase.

The

uranium in the ore concentrates is converted to uranyl
nitrate (uo 2 )(No 3 ) 2 by digestion with nitric acid('63) and
the resultant slurry is contacted with the organic solvent.
The uranyl nitrate is extracted into the organic phase leaving a raffinate containing(66) less than 0.05 grams of uranium per liter.

Uranium bearing solvent is then passed

through a wash step where it is contacted with a small amount
of water to remove dissolved and entrained impurities passing through the extraction step.

Wash water from this op-

eration is saturated with uranyl nitrate and is recycled to
the extractor.

The organic phase flows to . a third contactor

in which the uranyl nitrate is stripped from the organic
solve~t with demineralized water(59,63).

Stripped solvent

is recycled to the extraction operation.
When using diethyl ether as the organic solvent, the
extraction-stripping cycle must be repeated to obtain uranium of the desired purity(64), however, with tributyl phosphate only a single cycle is required(64).

In order to

minimize the adverse effects of a specific gravity(21)
(0.98) near that of the ._aqueous solvent and a high viscosity( 21) (Saybolt viscosity 38.6 seconds at 85 °F) tributyl phosphate is usually diluted with an inert organic
diluent such as refined keroseneC59), n-hexane(64), or carbon tetrachloride(82).
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Thorium concentrates(59) are purified in a TBP system
in much the same manner as uranium concentrates.
Reprogessinp; of Irradiated Fuels.

The fuel in a

nuclear reactor operated at a high enough level to produce
useful power must be reprocessed at regular inte~vals for
any of several reasons(31,114):

(1)

in the case of solid

fuel in the form of rods or packed into tubes, heat and radiation may cause distortion and eventual failure of the fuel
elements;

(2)

fission products of high na.u~on .oaptur.e

cross sections may build up to a point where the reactor becomes subcritical; and

(3)

fissionable material may have

to be added to replace that which has been burned out.

Re-

processing operations vary widely depending upon the type of
fuel element, type and intensity of radiation, and cladding
materia1(68), however, aii involve the separation(68) of a
fissile element from highly active fission products and from
inactive or source material.

Several methods(55) of car-

rying out the separation steps in the reprocessing of nu-.
clear fuels are in various stages of study or development.
At present, however, liquid-liquid extraction ls generally
used in large scale operations(68).

Culler(22) reports that

extraction technology has progressed to the point that any
of the fissionable and fertile materials present in nuclear
reactor fuels can be separated from each other, from fission
products, and from inactive diluents and contaminants.
liquid-liquid extraction operations are carried out in a

The
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nitrate system.

In the case of fuel elements which are

nitric acid insoluble (for instance those clad with stainless steel or zirconium), the nitrate ion is added(23)
either as nitric acid or as a salt such as aluminum nitrate
after the fuel element has been dissolved.

The chemical

processes for the separation of fissionable and fertile
materials are outlined in Table I and are discussed briefly
below.
The Redox Process.

In the Redox process(24),

uranium and plutonium are separated from fission products and from each other using methyl isobutyl ketone
(hexone) as the organic solvent.

The feed solution ls

acid-deficient uranyl nitrate containing ·sodium dichromate to oxidize plutonium to Pu( IV).

Uranium and..

plutonium are first extracted with acidified methylisobutyl ketone (hexone) leaving the bulk of the fission
products in · the aqueous phase.

In the same column, the

organic extract is scrubbed with acid deficient aluminum nitrate.

In a second column, the organic phase

flows countercurrent to an aqueous phase containing
ferrous sulfamateC3) which reduces plutonium to the
aqueous soluble Pu(III) state without affecting the
uranium.

To prevent uranium stripping, the reducing

solution contains aluminum nitrate and is scrubbed
with ·~·dditional hexone before leaving the column.
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TABLE I

Processes for Chemical Separation of Fissionable
and Fertile Materials
Aqueims
solve,it

Process

For separation and decontamination of U and Pu
Hexone
HNO,
Natural U,
Al can
12.5% TBP in
HNOa
Caustic precihydrocarbon
pitated U, fission products
HNO,
30% TBP in
Natural U,
hydrocarbon
Al can
HNO,
0.25M TTA
Natural U,
in hexone
Al can

Red ox
Metal recovery
Purex
TT A chelation

25
25, TBP

Salting
agent

Al(NOa)a
HNOa
HNO,
Al(NO,),

For separation and decontamination of enriched U and Al
Al(NO,)a
HNO.,
U-Al alloy
Hexone
Hg(N0,)1
catalyst
HNO,-Al(NO,),
HNOa,
U-Al alloy
5% TBP in
Hg(NO,)a
hydrocarbon
catalyst

Interim-23, hexone
Intcrim-23, TBP
Thorex

Irradiated
metal feed

For separation of U233, Pa, and ·Th
Hcxone
HNO., FTh, Al can
catalyst
Th, Al can
HNO.,
1.5% TBP in
F-+Hg++
hydrocarbon
catalyst ·
Th, Al can
42.5% TBP in · HNO.,
hydrocarbon
F-+ H&++
catalyst

Al(NO,)a,
HNO,
Al(NO,)a,
HNO,
Al(NOa)a,
HNO,

Culler, F. L.: Reprocessing of Reactor Fuel and Blanket
Materials by Solvent Extraction, "Proceedings of
the International Conference on tae Peaceful Uses
of Atomic Energy", p. 468, 2., United Nations, New
York, N. Y. , 19 56.

-20-

Uranium is stripped from the organic phase in a third
column by dilute nitric acid.

The plutonium and uranium

streams .are each further purified by additional extraction cycles.

Redox facilities are operated by the

Atomic Energy Commission at the Idaho Chemical Processing Plant(53), Idaho Falls, Idaho and at Hanford(51) near Richland, Washington.
TBP Metal Recovery.

The Tributyl Phosphate (TBP)

Metal Recovery process(25) is used to recover uranium
from fission products after plutonium has been separated by precipitation.

The solution of uranium and

fission products is concentrated by evaporation and
dissolved in a nitric acid.

Tributyl phosphate

dissolved in a hydrocarbon diluent extracts uranium
from the acid feed and is scrubbed with a solution of
nitric acid and . suitable reducing agent.

The extract

is contacted with dilute nitric acid in a second column to strip the uranium into the aqueous phase.

~

pilot plant with a maximum capacity of 450 kilograms
of uranium per day is operated at the Oak Ridge
National Laboratory(11), Oak Ridge, Tennessee.
The Purex Process.

Feed to Purex(26) extractors

is a nitrate solution of the nuclear fuel containing
sodium nitrite(6l) which stabilizes plutonium aa Pu(IV),
the f~rm most readily extracted by tributyl phosphate.
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Uranium and plutonium are coextracted(26) with tributyl
phosphate diluted with a kerosene type carrier.

The

organic phase is scrubbed with nitric acid in the same
column.

In a second column, plutonium is reduced to

Pu(III) and stripped into the aqueous phase.

The

organic stream contains the uranium and flows to a third
cqntactor in which the uranium is stripped with water.
Plutonium from - the aqueous stream of the second
contactor is oxidized to Pu(IV) with nitric acid, reextracted, reduced to Pu(III) and stripped into an
aqueous hydroxyl amine sulfate solution.

The concen-

tration of plutonium in the product stream is increased(26) by sorption on and elution from a cation
exchange resin bed.
Aqueous-uranium product from the first purification cycle is concentrated in an evaporator and is
purified in a second extraction-scrubbing-stripping
cycle followed by reconcentration by evaporation.
Final traces of fission products are removed by passing
the concentrated uranium solution through a bed of
silica gel.
The Atomic Energy Commission maintains Purex process facilities at the Idaho Chemical Processing
PlantC53), the Savannah River Plant(80), Aiken, South
Caroli'na _and the Oak Ridge National Laboratory(61).

Chelation Process.

Plutonium, uranium, and

fission products may be separated by a chelat1onC 27)
process using thenoyl trifluoroacetone (TTA).

A solu-

tion of TTA in benzene extracts plutonium in the
tetravalent state and zirconium leaving uranium and
the fission products in the aqueous phase.

A nitric

ac'id scrub removes traces of fission products from the
. plutonium-zirconium . bearing solvent.

Stripping of the

plutonium is accompolished by contacting the pregnant
liquor with dilute nitric acid containing a reducing
agent.

The solvent may be re-used after scrubbing

with a nitric acid-oxalic acid solution to remove the
zirconium.
The raffinate from the plutonium extraction step -~
is contacted with TTA in hexone which dissolves the
uranium.

Aqueous uranyl nitrate is obtained by strip-

ping the organic solution with nitric acid.

Part of

the decontaminated uranyl nitrate solution is returned
to the uranium extraction contactor and used to scrub
residual fission products from the uranium-bearing
so!vent.
The

25

Process, Hexone Solvent.

The Hexone-25

procesa(2'7) is similar to the Redox process except
that plutonium is not recovered.

Nuclear reactors with
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highly enriched uranium fuel elements produce only
small amounts of plutonium which is discarded with the
fission products.

If partially enriched fuels are

used, the plutonium can be recovered in a modified
Redox p~ocess(31).
The 25 Process, Tributyl Phosphate Solvent.

The

TBP-25 process(28) ls similar to the -25-Hexone process
except that acid rather than acid-deficient conditions
1

are used and -the eolventC32) is tributyl phosphate in
a hydrocarbon diluent.
The Hexone-23 and Interim-23 Processes.

The

Hexone-23 and Interim-23 processes(29) were designed
for the re·covery of u233 from irradiated thorium metal.
Thorium is not recovered by either process.

The deca~

period between irradiation and uranium recovery
determines which process is to be used.

Since the

Hexone-23 process does not provide effective separation
of uranium from the highly radioactive protact1m1um
Pa233, it may be used only on long-decayed material.
The Interim-23 process may be used after a shorter decay period.
The Hexone-2~ process is very similar to the
Hexone-25 process in that acid-deficient aluminum
nitrate · is used as the aqueous salting agent to

..

permit effective u233 extraction and decontamination.
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The Interim-23 process is similar to the Tr1butyl Phosphate-25 process, in that the organic solvent
is tributyl phosphate in an aromatic-free paraffinic
diluent.

The Thorex Process.

The Thorex processC30) was

developed for the separation and decontamination of
thorium, u233 and Pa 2 33 from neutron irradiated
thorium.

Nitric acid catalyzed with the fluoride ion

is the thorium dissolution agent, the organic solvent
is tributyl phosphate and aluminum nitrate or nitric
acid is used as the salting agent.
Nitrate feed solution is introduced near the
middle of a compound extraction-scrub column.

Tri-

butyl phosphate in an inert paraffinic diluent extract~
thorium and uranium.

Before leaving the column, the

organic is scrubbed with an aqueous solution containing
acid-deficie·n t aluminum nitrate, ferrous sulfate, and
dilute phosphoric aoid.
Organic extract flowing to the second contactor
(the partitioning column) contains Th232, Th234, u233,
and traces of fission products and any protactinium
not removed in the extraction column.

The organic

enters at the middle of the column and thorium is
stripped into nitric acid solution which enters near

..

the top of the column.

Scrub water enters at the top

of the column to remove nitric acid from the tributyl
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phosphate stream.

Fresh tributyl phosphate is fed

into the bottom of the column to reduce uranium losses
in the aqueous effluent which contains(49) principally
thorium with smaller amounts of protactinium and ruthenium.
Organic containing uranium and traces of nitric
ac.id is next sent to the strip column where the
uranium is transferred into a dilute nitric acid solution • . The u233 is further decontaminated by passing
through silica-gel and cation exchange columns.
Other Processes.

The discussion of all liquid-

liquid extraction operations applied to the reproceasing of irradiated nuclear reactor fuel which have
been reported in the literature is beyond the scope o~
this work.

Most of the alternate schemes employ

solvents other than hexone or tributyl phosphate or
other modifications of the processes described above .•
Two distinctive proaesses should be briefly noted here.
The first(52), in operation at the . Windscale works of
the United Kingdom Atomic Energy Authority to process
irradiated natural or slightly enriched uranium fuels,
utilizes two organic solvents in different stages of
the process.

Primary separation and uranium purifi-

cation are carried out using /3/j'a.ibutoxy diethyl ether
'•

(Butex) as the organic solvent while plutonium is
purified using tributyl phosphate diluted with odor-
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less kerosene.

A second novel process(114) involves

melting the fuel and contacting .it with molten silver
in a vacuum furnace.

Silver is only partially mis-

cible with molten uranium and two liquid phases are
formed.

The resulting uranium is free from plutonium

and all important products except ruthenium and molyedenum ·and contains 200 to 300 parts per million silver.
The basic processes listed above may be modified
greatly depending upon fuel composition, cladding
material, dissolution method, and the decay period.
In order to obtain products of the desired purity, it
is often necessary to include extraction-stripping
cycles in addition to those described.

The Pulsed Perforated-Plate Contactor
One of the earliest pulsed extractors was described by
van Dijck(102) in a 1935 patent.

The perforated plates in

the tower were attached together and given a reciprocating
motion.

It was also claimed that the plates could be sta-

tionary while the liquid in the column was pulsed.

Although

recent work(54) has shown the reciprocating-plate extractor

..

to be quite satisfactory with regard to extraction efficiency,
the contactor is generally considerea(69) to be inferior
mechanically to the pulsed column with stationary plates.
In this section the literature is reviewed with regard to

-zrthe pulsed perforated-plate extractor, its performance
characteristics, the effects of changing operating variables,
and its advantages and disadvantages when compared with other
types of extraction equipment.
Description of Pulsed Perforated-Plate Contactor.
_, _S ieve plate columns in which a reciprocating motion is superimposed on the net countercurrent flow of the liquid phases
have been designated "pulse columns"(35).

A schematic

illustration of a pulse column is shown in Figure 2.

In

order to provide a large surface area for improved mass
transfer, the perforations in the sieve plates are small so
that as the liquid is forced through the perforations it is
broken up into small drops.

The specific gravity difference

between the liquid phases is usually not sufficient to cause
countercurrent flow through the holes in the plates when the
pulse generator is not in operation(46,116).
The disengaging sections above and below the contacting
section of the column contain no plates and provide a hol~up
period for phase separation(46) before the effluent streams
are removed from the column.

To minimize turbulence due to

the pulsing of the liquid, the disengaging sections are
often larger in diameter than the contacting zone of the
column.

A bellows is shown in Figure 2 as the pulse generator, however ·the pulse could be provided( 10 1 ) by a diaphragm, or with a valveless reciprocating plunger pump.
Moving parts in contact with the liquid may be eliminated by
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Figure 2.

Schematic of Pulsed Perforated-Plate
Extraction Column

Sege, G. and F. W. Woodfield: Pulse Column
Variables, Chemical Engineering Progress
Symposium Series; .5.Q., No. 13, p. 181
(1954)
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air pulsing(96), a method which employs alternate compression
and expansion of the air above the liquid in a dip-tube
which is open at the bottom and passes down the entire
length of the column, either internally or externally.
General Performance Characteristics of Pulse Columns.
The general performance characteristics of pulse columns
were presented by Sege and Woodfield(8l) who observed the
relationship illustrated in Figure 3 between certain types
of phase dispersion, pulse frequency (at constant amplitude),
and total column throughput.

The various regions of pulse-

column operation are described below.
1..

Flooding Due to Insufficient Pulsation.

Flooding, defined as the entrainment of light-liquid
phase with heavy-liquid effluent, or vice versa, occurs
at low frequencies(36,98) because of the inability of
the pulse to pass the desired amount of fluid through
the perforations in the plates.
According to Sege and Woodfield(85), the capacity
of the column in this range is equal to the pulsed
volume velocity and increases in proportion to the product of the amplitude and the frequency, or at constant
amplitude, in proportion to the frequency.

The pulsed

volume velocity may be calculated(85) by multiplying
the pulse frequency by the volume of the pulse displacement (employing the sum of the up and down displacements) and dividing by the column cross section. ,

-30-

•

!

OGIIIPLITE . I ~PULHO 'I
'l.OODINt
I'

out To___ ~../
,,..,,,~,
. f "61..K
......
I
a a
~ ~

)- z

W O

>
w
~
::,

~

>

.

COM~T!rloM~~

DUI TO
EMut..St,ICATtON

I

.,!.
"":

t:

;. xa
!
'

f• FREQUENCY,

F'igure 3.

CYCLES I MIN.

Regions of Pulse Column Operation

S-ege, G. and F. · W. Woodfield: Pulse Column
Variables, Chemical Engineering Progress
Symposium .~ eries, 5.Q., No. 13, p. 181 ( 1954)

- 31-

The pulse amplitude is defined(33,35, 88 ) as the total
displacement of the fluid contents in the contacting
section from one extreme to the other.
The work of Cohen and Beyer(19) indicated that the
capacity of a pulse column operating in the low fre- .
quency range is greater than the pulsed volume velocity.

A mathematical expression for predicting flood-

ing at a low pulsed volume velocities, assuming the
effluent streams leave the column only on the pulse
upsurge and that the pulse wave form is sinusoidal,
was . derived by Edwards and Beyer(37).
2.

Mixer-Settler Type Operation.

As the through-

put and frequency are increased, pulse column operation
is characterized(83) by the separation of the light and
heavy phases into discrete layers in the spaces between the plates during the quiescent portions of the
pulse cycle.

During the upward portion of the pulse

movement, the light phase initially resting under a
· sieve plate is forced up through the perforations and
rises in fairly large globules (typically 1/8 to 1/4
inch diameter drops for 1/8 inch holes in the plates)
through the heavy~phase layer above the plate.

Simi-

larly, the heavy phase descends as drops through the
light phase layer below the plate during the downward
motion o.f the pulse.

The operation of the pulse cohunn
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is highly stable in mixer-settler type _phase dispersion conditions, however, column efficiency is
greater under emulsion type conditions described
below.

3.

Emulsion Type Operation.

The emulsion type

operation(84) occuring at higher throughput rates and
frequencies is characterized by small drop size (about
. 1/16 inch diameter or less) and fairly uniform dispersion of the discontinuous phase, with little change
in phase dispersion during the course of the pulse
cycle.

Due to the high interracial contact area

caused by the small drops, this is the most efficient
type of operation.
4.

Unstable Operation.

At still higher through-~

put rates and frequencies, operation of the pulse column becomes unstable(84), characterized by mixtures
of fine and course dispersed-phase drops, formation
of large irregular-shaped globs of dispersed phase ·by
coalescence, and periodic reversals of the continuous
phase in short sections of the column.

The efficiency

of the column in the unstable operating region is
generally poorer tµan in emulsion type operation and
often fluctuates widely.

5.

Flooding Due to Emulsification.

As the

throughput rate or the frequency is increased beyond
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the unstable region, flooding results(84) which is
caused by the formation of an emulsion which does not
separate in the disengaging section of the column.
Several researchers have published expressions for
the calculation(56,90,93,99) of emulsion flooding
velocities for systems in which no mass transfer takes
place.

These expressions are helpful in determining

the order of magnitude of the capacity of an extraction column, but the presence(96) of an undistributed
solute can change the flooding point considerably.
The changes(84) i~ phase dispersion behavior accompanying changes in frequency · or throughput rate are not
abrupt but involve a gradual blending of one type of operation into another.
Variables Affecting the Efficiency of Pulse Columns.
In the operation of a pulsed sieve-plate extraction column,
several operating conditions may be altered in order to
accommodate varying concentrations of solute 1n the feed ·
stream, changes inflow rates, or different carrier-solutesolvent systems.

Pulse columns are often constructed in

such manner that the pulse height and pulse frequency
can readily be adjusted.while the column is in operation.
Other variables(92,97) are the pulse wave form ··,and the
internal geometry of the column.

The effects caused by

changes ih these variables a.re discussed below.
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Effects pf Pulse Frequency and Pulse Amplitude.
Increasing either the frequency or the amplitude
increases ~he efficiency (indicated by decreasing HTU
or H.E.T.S.} to a pointC 16,20,85,ll7) beyond which .little improvement is noted,

It seems likely that _ increased

pulsing causes two opposing effects(20);

(1)

increased

dispersion and turbulence which tend to lnp~ ove the
.efficiency and

(2) · increased backmixing which tends

to reduce the efficiency.

The term backmixing refers

to the situation in which drops of the dispersed phase
are forced through a plate on the pulse upstroke, and
then pulled thr0ugh the same plate on the pulse downstroke.

Effept of

Pulse Wave Form.

Most pulse column

investigations have been made using sinusoidal wave
formsC118).

The work of Weigandt and Von Berg(l18}

indicates that the pulse pattern has little effect on
extraction efficiency, except at very low frequencies
in the mixer-settler type operating region.

The

capac1tyC91) of a pulse column is not related to the
pul~e wave form, but rather to the maximum liquid velocity attained dur~~ the pulse cycle.
Effects

ot

Throup;hput Rate.

Pulse oolumn

efficiency(16,18,34,86,94) is relatively insensitive to
variation in throughput rate (expressed as the sum of
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the superficial volume velocities of the two phases)
provided the applied pulse ensures good emulsion-type
dispersion.

At throughput rates{82) above and below

the emulsion-type operating range, the extraction efficiency is reduced.
Effe~ts of VolUI?,etric Flow Ratio.

The most com-

prehensive study in the literature on the effects of
changes in the ratio .of the volumetric flow rates of the
continuous and dispersed phases is that of Choffe(16),
who concluded that the relation between efficiency and
volumetric flow ra_tio is dependent on the pulse
frequency.

At low frequencies, the efficiency is

decreased by increasing the ratio of continuous to dispersed phase flow rates, but at high frequencies the
reverse is true.
Effects of Plate Geometry.

The capacity of a

pulse column is increased and the efficiency is decreased by increasing the hole size, the plate spacing,
or the fractional free area of each plate(87).

For

this reason, a compromise must be reached between the
conflicting functional requirements of high capacity and
efficiency.

While .~he optimum combination of plate

geometry factors{46) is different for each carriersolute-so"ivent system, the use of plates with 0.125 inch
holes, 23 per cent free area, and two-inch plate spacing
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often represents a satisfactory arrangement(87).
Philoon(65) and Geier(47) have demonstrated that a pulse
column can be tailored, by proper design of the column
internals, to produce a desired capacity, efficiency,
choice of continuous phase and/or range for a given
system.

Modifications suggested by Geier(47) included

the use of nozzle plates,!·~·, sieve plates with the
holes indented; and increasing the open space toward
the center of the column either by increasing the plate
spacing, free area, or the diameter of the perforations.
Another factor to be considered with plate geometry is the space between the edge of a plate and the
column wall.

The work of Sege and Woodfield(87) shows

that little or no adverse effect on the efficiency of
extraction was caused by an increase in the mean diameteric clearance between the plates and the wall of
· a three-inch diameter column from 0.015 inch to 0.125
inch.

In one experiment, however, with a high specific

gravity difference {nearly 0.5) between the phases,
there was enough channeling along the column wall with
the wider clearance to cause an approximately 50 per
cent increase in HTU.
Effects of Plate Material.

Finer dispersion,

which causes an improvement in extraction efficiency,
is obtained when the sieve plates are of a material
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which is wetted by the continuous phase(20,45,86).

In

certain instances, increased efficiency and throughput
may be obtained with plates(85) having one side coated
with a plastic which is wetted by the organic phase and
with the other side a nietal that is aqueous wetted.
Advantages of . Pulse Columns.

One important advantage

.of pulsed ''" sieve-plate extraction columns is the operational
flex1b111tyC97) due to the number of process variables which
may be controlled.

In the nuclear field, where shielding

costs must be considered, the fact that pulse columns can
be made much shorter than packed extraction columns for the
same extraction duty(88) is a great advantage(33,102).
Since little or no counterourrent flow through -the column
takes place in the absence of pulsing, steady state operation is rapidly attained(88,1 18J after temporary shutdowns.

For this reason, the pulsea "sieve-plate .- oolumn has

a decided advantage as a laboratory too1(118).
For extraction duty requiring five or fewer theoretical
stages, contactors with agitators a.fixed to a rotating
center shaft,

1·~·,

rotary annular, rotating disc, and mul-

tistage mixer columns, are often comparable(70) in throughput and height to puls~_columns.

If the process fluids

are corrosive or radioactive, however, the necessary shaft
seals present· difficult maintenance problems(9 1 ) with

..

rotary-type columns while pulse columns can be air
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pulsed(96) which prevents the fluids from contacting the
mechani-0al parts.
Disadvantages of Pulse Columns.

The need for a pulse

generator with its first cost, power usage, and maintenance
requirements is a disadvantage(88,102) when the pulse column
is compared with nonmechanical types of contactors.

Whe~

processing systems that emulsify easily, the degree of
turbulence which can be induced is limited and little
improvement in extraction efficiency is gained by
pulsingC1o2,118).

If large heads of liquids are pulsed at

high frequencies, the pressure at the pulsing device on the
back stroke may become less than the vapor pressure of the
liquid and cavitation(97) will result.

The air pulsing

method, however, is self-compensating(97) and cannot cause ~
cavitation.

Data for the System Trichloroethylene-Water-Methanol
Equilibrium and tie line data for the system trichloroethylene-water-methanol have been published by
Rothl-in, Crutzen, and Schultze(77) and the values at 20 °c
are given in Table II and Table III, respectively.
Equilibrium(78) and tie· ·11ne(79) data are also available
for the system at 35 oc and 50 oc.

A solution containing

only water, ·.methanol and trichloroethylene may be analyzed
by measurement of the refractive index.

In Table IV, the

TABLE II
Equilibrium Data for the Liquid System
Water-Methanol-Trichloroethylene at 20 oca

Mole Fraction
Water

Mole Fraction
Trichloroethylene

Mole Fraction
Methanol

0.9494
o.899
o.8473
0.7992
O. 7486
o. 6983
0.7075
0.586
0.502
o.4625
o.4013
0.3301
0. 2912
0. 2271
0.1998.
0. 1863
0.1711
0.1511
0.1334
o.1325b
0.1172
0.0976
0.0760
0.051
0.03575
0.0203

0.00027
0.00041
0.00067
0.00106
0.00154
0.00251
0.0022
0.0088
0.0181
0.0262
0.0448
0.0787
o. 1037
o. 1764
0.216
0.2452
0.2796
0.3285
0.3698
o. 374b
o.417
o.479
0.55
o. 6504
0.7190
o.8168

0.0502
0. 1005
0.1522
0. 1995
o. 2496
o. 2981
o. 291
o.406
o.48
0.5114
0.5540
0.5913
0.605
0.5967
o. 5845
0.5680
0. 5491
0.5205
o.4968
o. 4935b
o.466
o.4235
o. 3724
o. 2985
o. 2462
o. 1630

a
b

Data are also available at 35 and 50 oC.
Data at critical point

Rothlin, s., J. L. Crutzen, and G. R. Schultze:
Liquid-Liquid Equilibria in Some Ternary Systems
and Countercurrent Extraction in a Horizontal
Pipe, Chemie Ing. Techn., ~' 213 (1957).

-40-

TABLE III
Equilibrium Tie Line Data for the System
Water-Methanol-Trichloroethylene at

Water-Rich Phase

0.823
o.698
0.602
0.500
o.419
0.351
0.298
0.262
0.214
0.179
0.157
0.1505
a

0.0015
0.003
0.007
0.017
0.037
0.066
0.099
o. 131
o. 1935
.o. 2635
0.3095
0.3285

o. 1755
0.299
o. 391
o.483
0.544
0.583
0.603
0.607
0.5925
0.5575
0.5335
0.521

20 oca

Tric~loroethylene-Rich Phase

0.001
0.002
0.003
0.006
0.0115
.0.017
0.026
0.037
0.057
0.0855
o. 1025
0.113

0.986
0.9725
0.956
0.926
o.8875
0.833
0.776
0.713
0.6225
o. 5255
o. 4615
0.4315

0.013
0.0255
0.041
0.068
o.101
o. 15
0.198
o. 25
0.3205
0.399
0.436
o.4565

Data are also available at 35 and 50 oc.

X1 Mole Fraction Water

x2

Mole Fraction Trichloroethylene
X3 Mole Fraction Methanol
Rothli~, s., J. L. Crutzen, and G. R. Schultze: LiquidLiquid Equilibria in Some Ternary Systems and Countercurrent Extraction in a Horizontal Pipe, Chemie Ing.
Techn., ~. 214 (1957)

TABLE IV
Refractive Indices for the System
Water-Methanol-Tr1chloroethylene at 25 ooa

Mole Fraction
Water

Mole Fraction
Trichloroethylene

nfi5

0.00027
0.00041
0.00067
0.00106
0.00154
0.0022
0.00251
0.0088
0.0181
0.041
0.063
0.098
o. 149
0.2
0.25
0.3
o.4
0.5
o.6
0.7
o.8
0.9

1. 33260
1. 33452
1 • 33651
1. 33838
1. 33984
1. 34099
1. 34177
1.34185
1. 34408
1. 34647
1 • 35240
1. 35789
1 • 36597
1."37797
1. 388 49
1 • 39716
1. 40587
1. 42024
1. 43223
1. 44300
1. 45252
1. 46075
1. 46791
1. 47453

N1

· 0.9494
o."899
o.8473
o. 7992
0.7486
0.7075
o. 6983
0.586
0.502
o.4
o. 35
0.3
0.249
0.2125
0. 1845
o. 162
o. 123
0.0905
0.0635
0.041
0.0245
0. 011

-----

a

Nl

Values are also given at 40 and 55 oc.

Rothlin, S., J. L. Crutzen, and G. R. Schultze:
Liquid-Liquid Equilibria in Some Ternary Systems
and Countercurrent Extraction in a Horizontal
Pipe, Chemie Ing. Techn., ~' 214 (1957).

-~refractive indices of trichloroethylene-water-methanol
solutions of various compositions are given at 25 oC.
Additional refractive index data are available(79) at 40
and 55

°c.

°c
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EXPERIMENTAL

The experimental section of this thesis is divided
into the following parts:

( 1)

(2)

Plan of Investigation,

(4)

c,cnstruction and Installation of Equipment,

ating Instructions, and . (6)

(3)

Purpose of Investigation-,,
Materials and Apparatus,
(5)

Oper-

Ope r ation of the Pulse Colmnn.

Rurpose of Investigation
The objectives. of this investigation we:re:

to con-

struct a pulsed perforated-plate extraction column and
associated equipment which, together with the rotating disc
column, comprise the extraction unit; to prepare operating
instructions; and to perform preliminary experiments in the
equipment.

ilan of Investigation
The plan for the accomplishment of the work entailed
in this thesis was divided into the following phases:.
(1)

review of the literature,

tion equipment design,
unit,,

( 4)

(3)

(2)

modification of extrac-

construction of the extraction

selection of a liquid system,

( 5)

preparation

of operating instructions, and (6) . performance of extraction experiments in the extraction unit.
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The following terms are used in the remainder of the
thesis as defined here:

the extraction unit includes all

of the equipment necessary to perform an extraction
experiment, for instance, the rotating· disc column, the
pulse column, the tanks which are used to store the. feed,
solvent, extract and raffinate, the pumps, instruments,
ahd control valves; the distillation unit includes all of
the e.quipment necessary to perform a distillation operation; the words equipment and apparatus are used interchangeably to mean any piece of purchased or fabricated
equipment; and the extraction system includes the liquids
which are used in an extraction experiment,

1·~·,

the

carrier solvent, the solute, and the extracting· solvent.
Literature Review.

The review of the literature

for this project was conducted for the purpose of becoming
familiar with the design work done by Fard(44) and
Puyear(75); reviewing the unit operation liquid-liquid
extraction and its applications in the processing of nuclear
materials; becoming familiar with the results · of previou·s
investigators regarding the operating ohara·o teristics of
the pulsed perforated-plate extractor; and obtaining the
published equilibrium d~~a for the system trichloroethylenemethanol-water.
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Modification of Extraction Design.

At the time of the

original design work Fard(44) did not have complete dimensions available for certain pieces of purchased equipment.
It was therefore necessary to complete the detailed design
of some components when the apparatus was on hand • . Modifications in the design we~e made to give greater flexibility
to the ' operation of the pulse column, to improve the
appearance of the unit, or to make the equipment easier to
fabricate.

The installation of filters in the suction lines

to pumps and the use of bypass piping around control instr- ·
uments is common practice.

The vents on the storage tanks

were connected to a common vent which allows the vapors of
volatile liquids to be condensed and collected to prevent
the loss of expensive solvents from the unit and also to
prevent the accumulation of toxic or flammable vapors in
the Unit Operations Laboratory.
Construction of the Extraction Unit.

Although many

phases of the extraction unit construction were going on
simultaneously, the work proceeded in the following sequence:

First was the construction of supporting structures

such as the tank rack, followed by the installation of
instruments and all eq~ipment except the glass extraction
column. · Then the system piping, the instrument air piping
and the electrical wiring were installed.

The pulse column

accessories (such as the perforated plates and the pulse
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adjustor) were fabricated, the column was assembled, and
finally, the system piping was connected to the column.
Selection of a System.

The distillation and extrac-

tion units were designed with sufficient flexibility to be
used for experiments involving different ·liquid systems. ·
Calculations for determi~ing the sizes of the vario_us pieces
of equipm~nt were based on the system carbon tetrachloridewater-acetone.

This
system was chosen because good separa,

tion could be obtained in both the extraction and distil. lation operations, and equilibrium data for both separations
were available in the .literature.

The low flash point of

acetone and the toxicity of carbon tetrachloride, coupled
with the fact that the unit is located in a large room where
the ventillation is inadequate to prevent the accumulation·
of these vapors in the event of accidental spillage or leakage, prompted a search of the literature for an alternate
system.

Information available(77) on the extraction of

methanol from trichloroethylene with water indicated that
this separation could be performed in the extraction unit
and would yield a methanol-water solution which could be
separated in the distillation unit, with no change in the
design of either the e~traction or the distillation equipment.

A-comparison of the flammability and toxicity

limits(50) of the components. of the two systems (TableYJ
shows that methanol has a higher flash point and a higher
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TABLE v·
Fire, Explosion, and Toxicity Limitations
Name and Synonyms

Boiling
Point,

Flash
Point,

Fire
Hazard
Group

Explosive. Limits ·
%(Vol) in Air,
LEL
UEL

Thesholda
Limits
Values,

OF

OF

ACETONE.
Dimethyl ketone
2-propane

133

0

4

3.0

11

CARBON TETRACHLORIDE
Tetrachloromethane

177

*

0

•••

•••

METHANOL
Methyl alcohol
Wood alcohol

148

54

4

7.3

36

200

TRICHLOROETHYLENE
Ethinyl Tr.ichloride

189

0

....

•••

200

a

?'"

e
LEL
UEL
ppm

•

ppm

1000

25

Based on discomfort from irritating effects of solvent vapors and are
well below concentrations considered injurious.
Flash Point, oF
Group
Non-flammable
Can be violently decomposed by alumimum fines.
Non-flammable
0
1
Above 140
Lower explosive limit.
100 to 140
Upper explosive limit.
2
Parts of vapor per million parts of air.
73 to 100
3
Less than 73
4

"Handbook of Organic Industrial Solvents", National Association of Mutual Casualty
Companies, pp. 25, 34, 51, 60; Chicago, Ill., 1958.
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lower-explosive-limit than acetone and that. the discomfort
threshold of trichloroethylene is higher than that of carbon
tetrachloride.

On the basis of these findings, the descision

was made to operate the unit on ~he trichloroethylene-watermethanol system.
Operating Instructions.

Instructions were written for

performing extraction experiments using either the pulse
column or the rotating disc column separateiy, both columns
as a countercurrent multiple contac.t unit, or both columns
as a cocurrent multiple contact unit.

Procedures were

written for starting-up and shutting down the pulse column.
Operation of the Pulse Column.

Extraction experiments

were performed in the pulsed perforated-plate extractor for
the purpose of proving that the extraction equipment would·~
function properly.

Materials and Apparatus
The materials used in the construction of the distillation-extraction unit are listed in the purchase specifications.

The original purchase specifications were given

by Puyear(75) and those issued during the period from July,
1958 to January, 1960 ~ere presented by Okenfusa( 12}). ,·\A
complete list of these purchase specifications, along with
lists of costs and equivalents, is on file with the Chairman
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of the Department of Chemical Engineering, . Missouri School
of Mines and Metallurgy, Rolla, M.issouri.

Construction and Installation of Equipment
In this section, the construction and installation of
equipment are discussed.

Engineering drawings and photo-

graphs are included to aid in the description of equipment
which was fabricated especially for this unit.
possible, standard items were used.

Wherever

Manufacturers, catalog

numbers, and descriptive material for the standard items
may be found in the lJ;ater.ia~s li~t by Fard(44) and
Puyear( 75) and in th.e -purchase sp~cifications ~ 62, 75).
Tank Rack and Tanks.

The structure to support the

storage vessels was fabric_a ted much as it ·was designed by
Fard(44) and Puyear(75).

In order to conserve materials

and for ease of construction, a single tank rack was built
with members bolted together rather than the separate
extraction and distillation unit tank racks with welded
joints which were specified in the original design.

The

tank rack is shown in Figure 4.
The storage tanks are ICC-5 specification, black steel
drums, of 55 and 30 gallon capacity.

Gage cocks were screwed

into the bung and vent openings in the drum heads and sight
glasses were fitted into the gage cocks.

Process piping was

connected to the tanks through standard compression-type
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Figure 4.

The Tank Rack While Under Construction
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rtttings which were bra zed to the drums.

A photograph

showing the storage tanks and the tank rack is g iven on
F i gure 5.
Pumps and Pump Rack.

The six Bell and Gossett, Model

1 11 PR, all-bronze pumps were motmted with the disti1lation
unit pumps on a frams constructed of two, 3-inc h ang le irons
15 feet long .

Spacers made from 1/2-inch pipe, 3/4-inches

long separated the angle irons which were bolted back to
back to make a tee-shaped frame.

The pumps and pump rack

are shown in the lower portion of Figure 6.
The feed, raffinate, and circulating raffinate pumps
handle trichloroethylene and special teflon parts were used
in the shaft seals of these pumps.
Control Valves and Control Valve Rack.

Three

Minneapolis-Honeywell, pneumatic, control valves were used
in the automatic regulation of flow rates in the extraction
unit.

These control valves along with six control valves

of the distillation unit were bolted to a frame constructed
of three-inch angle iron which was bolted to the tank rack.
The control valve rack and control valves are shown in the
upper and righ t-center sections of Figure 6.
Three
Brooks, MPT-50 flow t ~ansmitters were mounted on a frame
constructed of two-inch angle iron as shown in Figures 7
ands.

The flow tran mitters were attached to the frame

with U-bolt

made from 1/4-inch welding rod.
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Figure 5.

Taruc Rack and Tank Farm.
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Figure 6.

Pumps and Control Valves .
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Figure 7.

Front View of the Flow Transmitters.
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Figure 8.

Rear View of the Flow Transmitters.
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Instrument Panel,

The instrument panel is a steel

plate J/4-inch thick, with holes for the instruments as
shown in Figure 9, bolted to a frame constructed Of threeinch angle iron.
ment panel are:

Extraction .unit instruments 6.n the instrurotameters

El::.1., ,:g,

and =.,l; the rotating

disc speed selector; :flow rec,order controllers FRC-1, ~,
and

.=l;

motor starter switches for the rotating disc and

pulse motors; the multipoint temperature recorder MTR-1;
and pump S'Witches .§!:, ~ '

.QE, ~' EI:,

and CRP,

Figure 10

is a photograph of the front of the instrument panel.
Process Piping.

The process piping was 1/2-inch, type

K copper water tube with brass or copper solder joint fit tings.

Unions were used liberally for ease of assembling

and disassembling the piping.

Tees with one opening plug-~

ged were used in place of elbows for approximately 50 per
cent of the 90 de g ree dire ction changes to allow for future
modification . of the piping.

The discs in the globe .. valves

which contact trichloroethylene were cut from polyethylene.
Instrument Air Piping.

Instrument air is supplied

by an Ingersoll-Rand, two-stage, air compressor with inner
and after coolers and an automatic condensate trap (Figure
11).

The pressure of the air leaving the receiver varies

from 160 to 190 pounds per square inch, gage , and is expanded to 50 pounds per square inch,gage,after being filtered.

The air flows through a two-inch, galvanized iron
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Figure 10.

The Instrument Panel.
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Figure 11.

Instrument Air Compressor.

-60-

pipe to a two-inch, copper header located behind the
instrument panel.

From this header the air is transported

to the instruments through one-inch, and J/2-inch, copper
water tube and 1/4-inch flexible polyethylene tubing.
Before entering the instruments, the supply air is filtered
a second time and the pressure is reduced to 20 pounds per
square inch, gage with a pressure regulator.

The two-inch,

copper header and two filter-regulators are shown in
Figure 12.
Instruments in each of the three . control cycles of the
extraction unit were connected by 1/4-inch, polyethylene
tubing.

A control cycle includes a flow transmitter, a

recorder-controller, and a control valve operating in . the
following manner:

(1)

The flow of a process fluid is

sensed by the flow transmit,t'e r ( Figure 7 and 8) which transmits a pneumatic signal with a pressure proportional to the
flow rate of the process fluid.

(2)

The transmitted

signal is received by a recorder-controller (Figures 9,10,
and 12) mounted on the instrument panel.

The recorder-

controller is calibrated to interpret the si gnal in terms
of the process fluid flow rate which is recorded on a
moving paper strip.

This instrument continuously compares

the flow rate of the process fluid with the flow rate which
is desired (the set point).

The recorder-controller is

equipped with proportional and reset modes of control and
the pressure of the pneumatic signal transmitted depends
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Figure 1 2.

Rear View of the Instrument Panel.
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upon the deviation between the process fluid flow rate and
the set point, and the rate of change of the dev1ation(67).
Recorder-controllers in the extraction unit are reverse
acting meaning that as the process fluid flow rate increas~s,
the pressure of the transmitted signal decreases, and vice
versa.

(3)

The flow of the process fluid is regulated by

the diaphragm-operated, control valve (Figure 6) which
receives the control signal from the recorder-controller.
Control valves used in the extraction unit are air-to-open,

1·~··, as the recorder-controller output pressure increases,
the valve opening increases.
Electrical Wiring.

The wiring diagram for the

distillation-extraction unit is presented in Figure 13.
The electrical w1ring was revised from Puyear(75) to conform to the National Board of Fire Underwriters Electrical
Code(6o).

Thermal overload protectors or fuses were .in-

stalled in all motor circuits.

Thin-wall conduit was used

extensively to protect the wires.

Wiring between the

switches and the pump motors was run in wireways on the back
of the instrument panel and along the outside of t4e control
valve rack (Figure 6), through flexible armored cable to
the junction boxes at the motors.
Temperature Measurement.

Thermocouple wells (Figure

14) were located in the inlet and outlet lines of both

extraction columns·.

Iron-constantan thermocouple wires
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were inserted in the wells and run through 1/4-inch, polyethylene tubing to a terminal box locat.e d on t .h e. back of
the instrument panel.

In the terminal box, the thermo-

couple wires were connected to conductors running to a 16point

temperature recorder, MTR-1.

The purpose of the

terminal box was to facilitate changing the'r mocouples without disturbing the connections inside the instrument.
Locations of the thermocouples in the extraction and distillation units are shown in Figure 15.

The thermocouple

numbers in Figure 15 correspond to the number which the
recorder prints along with the temperature of that thermocouple.

The extraction unit was designed to operate at

room temperature and MTR-1 has no control functlon.
Variable Speed Drive.

The variable speed drive to

provide a pulse frequency with a r~nge of zero to .93
revolutions per minute consists of a Graham transmission
connected to a one-horsepower, electric motor.

The motor-

transmission is mounted on a concrete foundation (shown in
Figure 16) having a formulation of one part cement, two
parts sand, and five parts stone( 17). The foundation bolt
assemblies(113) were made with 5/16-inch, National Fine,
bolts in a sleeve of 3/4-inch pipe imbedded in the concrete.
Figure 17 shows the foundation with the motor and transmission in place.
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Figure 17.

Variable Speed Drive

and Pulse Mechanism.
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Eccentric.

The eccentric is a circular-shaped disc

three-inches in diameter by 5/8-inch thick wit~ a 1/2-inch
hole drilled 1/2-inch off-center.

The eccentric is keyed

to a 1/2-inch, steel, shaft with a 1/8-inch square key and
held in position on the shaft by 1/8-inch pins driven
through the shaft on either side of the eccentric wheel.
One end of the eccentric shaft is connected to the variable
speed drive shaft.

A pillow block constructed as shown in

Figure 18 supports the free end of the eccentric shaft.
Figures 17 and 19 show the eccentric, shaft, coupling, and
pillow block.
Pulse Amplitude Ad1ustor.

A pulse amplitude ad-

justor was designed and built to allow the pulse amplitude
to be varied between zero and one-inch.

A detailed

drawing of the adjuster is given in Figure 20.

The pulse

amplitude adjuster is threaded onto the plate which contacts the bellows (the bellows actuator plate) and is
essentially a push rod of variable length between the
eccentric and the bellows.

The pulse adjustor is pre-

vented from tilting away from the vertical by the pulse
adjuster guide shown in Figure 21.

The pulse amplitude

is varied by screwing the pulse amplitude adjustor up or
down on the threaded rod connected to the bellows actuator
plate (Figure 22).

When the desired amplitude is obtained

the pulse amplitude adjustor is prevented from turning by
tightening a jam nut against the top of the adjuster.

-70\ 1" S,~H. 40 Pl PE\ E ~ms BO RE=:
\

T --

1

'\ TC'· 1 B I- () ~ BA ~'....
\

BE:.ARI NG S __

---;r
/

_/

,;

f'ko

t'O . 8- 3 2 NC

)(i....

A;..~N HE.AD

t ---

SET

SCRE::W

1

2 I N C H ------._
CHANNEL
IRON

0
0

\

\_ RADIAL BALL
BEARINGS FOR
1
" SHAFT

7

""'

r ----i--; tt
~

I

.--l
t1-

_[__

'

I
I
I
I
I

I
I

\ _ 2 INCH

I

CHANNEL I RON

I

I
I

I
"1<0

I
.I

(j)

,-

,-

I
I

I

----0-------------r
r
i

o- - +~<O Il

I
I

\2

I
I

13
\ ~

INCH

,

i

\ ANGLE I RON
\ WELDED TO :

\

HOLE

BASE.

\

\

\

j_~-}. .~~...... . . i _........._, $-_
Ll.-t--~
I
~(X) .--

~1

~ ---

3

·---->-i

•
ALL ~ IMEJh . JSIONS IN INCHES

DEPARTMENT OF CHEMICAL ENGINEERING
MISSOURI -SCHOOL OF MINES & METALLURGY
ROLLA, MISSOURI
·--~~~~~~~~~~~~~~~~-·

BOLTS f- -20 NF
·. ,6

EC CENTRIC SHAFT
PILLOW BLOCK
1

DATE

SCALE : '"= 1"
DRAW;-BY:

C!j "

I

CHECKED BY:

/~

APPROVED BY :

j,._·; _

, 11,/l,tJ
J/ ~ 1 /~ o
?/ ~ 1 / (pc,

CASE
FILE

60
N0:400

NO:

FIGURE NO :

SHEET

JI

NO :'. o f ·1 ...

-71-

Figure 19.

Pulse Mechanism
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At any amplitude other than the maximum, the pulse
mechanism operates as follows:

Assume that t~e ball on the

end of the pulse adjuster push rod initially rests on the
periphery of the eccentric at the point nearest the shaft,

1·~·,

the low point of the pulse cycle.

Under these

conditions, the bellows is expanded to its ·maximum limit,
and the spring between the push rod and the adjustor body
is extended.

As the eccentric rotates, the vertical dis-

tance between the shaft and the point on the periphery
where the ball touches increases, thereby moving the push
rod up and compressing the spring.

The bellows and body ot

the adjustor do not move during this portion of the cycle.
When the push rod reaches its upper limit, the ·spring is
compressed and any further rotation of the eccentric moves
the push rod and adjuster body upw~rd compressing ·-the
bellows and lifting the liquid in the pulsed perforatedplate extraction column.

The ·upward motion of the bellows

and the amplitude adjuster continues until the high point
of the pulse is reached when the ve.r tical distance between
the shaft and the periphery of the eccentric is a maximum.
As the eccentric high point is passed, the bellows and
pulse adjuster move downward as a unit.

The downward •ove-

ment of the bellows and the body of the adjuster is halted
when the bellows reaches the lower limit of its travel.

As

the eccentric continues to turn, the spring expands and the
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push rod moves downward until the eccentric low point is
again reached.

With any amplitude less : than t~e . maximum,

the b~llows stays at the low point of its travel for a period of time.

As a result, the low portion of the time-

displacement curve is flat.

The pulse wave form approaches

a sine wave as the amplitude or the frequency is increased.
When the maximum amplitude is desired, the amplitude adjustor body is turned counter-clockwise to the point at
which the spring between the push rod and the adjuster body
is completely compressed at the low point of the pulse and
the bellows, adjuster body, and push rod move as a unit
throughout the pulse cycle.
Bellows Assembly.

The corrugated brass bellows was

supplied by the Robertshaw-Fulton Company.

A plate 1/4-

inch thick to fit the top of the b~llows was fabricated . as
shown in Figure 23.

The plate to fit the bottom of the

bellows was brass 4-1/2-inches in diameter, 1/8-inch thick
with a 1/4-inch, National Pipe Thread, drain cock located
7/8-inch off-center.

The upper and lower bellows plates

were soldered to the bellows and tha bellows assembly was
held to the center rod anchor plate with four, number 10,
brass, bolts and nuts having 32 threads per inch.

A 1/8-

inch thick polyethylene gasket the same shape as the
upper bellows adaptor plate fits between the bellows and the
center rod anchor plate.

The bellows is held vertical as
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it moves up and down by four 1/4-inch, steel, rods 4-3/4inches long, one end of which is screwed into the center
rod anchor plate.

These rods slip through the guide rod

bushings attached to the bellows actuator plate shown in
Figure 22.

Nuts screwed on the lower end of the guide rods

limit the downward travel of the bellows.

The bellows,

guide rods, actuator plate, and drain cock are shown attached to the pulsed perforated-plate extraction column in
Figures 17 and 19.
Pulse Column.

The pulsed perforated-plate extraction

column was assembled from standard sections of pyrex glass
pipe and fittings held together with standard aluminum
flanges with asbestos gaskets providing the seai between
glass sections.

The

pulse column is shown in the center

of Figure 24 with the rotating disc extraction column at
the right.
The pulse column la supported at each flange by
standard mounting brackets bolted to two vertical supports
of two-inch pipe, 11-1/8-inches apart which are bolted to
the floor and ceiling.

Figures 17 and 19 sh~w the column

supports and mounting brackets.

The center rod anchor

plate is firmly bolted to the mounting brackets (Figure 19)
and all other flanges are spring mounted as shown in
Figure 24.
The upper section of the column is a four-inch by
four-inch by one-inch reducer tee clo.~ed at the top with a
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Fi gure 24 .

The Extraction Columns ,

Pulse d Perforated- Plate Column (Center)
and Rotati ng Disc Column ( Right) .
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1/4-inch thick, brass, plate seven-inches in diameter.

A

hole with 1/2-inch National Fine thread·s is at the center
of the closure and two 5/8-inch holes for the feed inlet
and vent lines are located on opposite sides of, and 1-1/2inches from the center.

The feed inlet line of 1/2-inch,

copper water tube is soldered to the closure and extends
14-1/2-inches inside the column.

The vent of 1/2-inch,

copper water tube -is also soldered to the column closure.
A check valve in the vent line allows air to flow into the
column when the column is being drained, or on the pulse
downstroke, but prevents the loss of liquids from the
column.

Extract is withdrawn from the side-arm of the

glass tee.
The middle section of the column is four-inch pyrex
pipe 48-inches long and contains the perforated-plates.
The perforated-plates are brass 1/8-inch thick and 3-15/16inches in diameter with a 9/16-inch hole in the center.
Each plate was drilled with 200 holes of 1/8-inch diameter
and was then sandblasted.

Twenty-eight plates are on the

1/2-inch, brass, center rod and are separated with spacers
1-1/2-inches long cut from 1/2-inch, copper water tube,
making the plate section of the pulse column 45-inches long.
The plates and spacers are shown in Figure 25.

The bottom

perforated-plate rests on a 15-1/2-inch spacer of 1/2-inch,
copper water tube and the weight of the plates and spacers
ls supported by a 1/2-inch National Fine, brass, nut
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Figure 25.

A Section of the Pulse Column Showing

the Perforated-Plates and Spacers.

- 8 2-

threaded onto the center rod.

A similar spacer and nut

above the top perforated-plate prevents :the upper plates
from rising on the pulse upstroke.

The center rod is

supported at the top by the upper column closure and at
the bottom by the center rod anchor plate.
The lower section of the column is a pyrex glass reducer cross four-inches by four-inches by one-inch by oneinch.

The one-inch openings are the solvent inlet and the

raffinate discharge lines.

The 1/2-inch, copper water tube

solvent inle·t line extends into the ·column and ends in an
elbow with the open end of the elbow pointed upward to
direct. the incoming solvent away from the raffinate withdrawal port.

At the lower end the reducer cross is

attached by means of a flange to the center rod anchor
plate (Fig~re 26) with an asbestos _gasket providing the
seal.

Operating Instructions
The extraction-unit piping diagram is presented in
this section.

Piping in the extraction unit ' was designed

to permit operation of the pulse column and the rotating
disc column in any of the following manners:
column alone;

(2)

(1)

rotating disc column alone;

pulse
(3)

co-

current multiple contact, pulse column to rotating disc
column;

(4)

cocurrent multiple contact, rotating disc
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column to pulse column;

(5)

countercurrent multiple

contact, pulse column to rotating disc c.olumn; .and
(6)

countercurrent multiple contact, rotating disc column ·

to pulse column.

Instructions are given for directing the

flow of process· fluids for the above types of operation.
The valve positions for the various flow combinations were
summarized in tabular form by Okenfusa(88).

Instructions

are included for adding methanol ( solute .) and trichloroethylene (carrier solvent) to the unit, for transferring
extract to the distillation unit feed tanks, for transferring methanol (solute) from the distillation unit
distillate tanks to the extraction unit feed tank, and
for transferring water { solvent) .from the distillation
unit bottoms tanks to the extraction unit solvent tank.
Detailed instructions are presented for putting the pulse
column in operation at the beginning of an extraction
experiment and for shutting the column down at the conclusion of the experiment.
Flow

Diagram.

flow diagram.

Figure 27 shows the extraction unit

Each globe valve in the extraction unit is

labeled with a metal tag bearing the letter ~and a number
which corresponds to the designation of that valve on the
flow diagram.

B. P,

By-pass valves are identified by

the letters

on the metal tags and should be kept closed during

normal operation.

To by-pass a piece of equipment close

the globe valves on each side of the instrument and open
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the by-pass valve.

The valves on each side of the instru-

-·

ment are open under normal operation and are marked FLOW
Pulse Column.

Methanol-trichloroethylene feed solu-

tion is pumped from the feed tank by the feed pump through
valves X-34 and X-5 into the top of the pulse column at a
rate which ls measured, recorded, and controlled by FRC-3
instruments.

The solvent pump transfers water from the

solvent tank to the bottom of the pulse column through
valves~ and~ at a rate which is measured, recorded,
and controlled by FRC-1 instruments.

Extract is pumped by

the extract pump from the top of the column through valves
X-3, X-17, X-23, and X-25 and rotameter FI-1 into the extract
storage tank number one.

Trichloroethylene depleted in

methanol is pumped by the raffinate pump through valves
~ a n d ~ and rotameter FI-3 into the raffinate storage
tank.
Rotating Disc Column.

With valves X-34 and~ open

the feed solution is pumped from the feed tank to the top
of the rotating disc contactor by the feed pump at a rate
which is controlled by FRC-3 instruments.

Water is pumped

by the solvent pump from the solvent tank through valves
X-36 and X-15 into the bottom of the column.

The flow rate

of the solvent to the rotating disc column is controlled
by FRC-2 instruments.

The extract pump pumps methanol-rich

extract from the top of the column through valves~' X-17,
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X-23 and X-25 and rotameter El.:l. into extract storage· tank
number one.

Raffinate is pumped from - the bottom of the

-

-

column by the raffinate pump through . valves X-14 and X-28
.

and rotameter FI-3 into the raffinate tank.
Cocurrent Multiple Contact, Pulse Column to Rotating
Disc Contactor.

Feed solution is pumped into the top of

the pulse column from the feed tank by the feed pump with
valves X-34 and X-5 open. · The feed flow rate is controlled
by ·FRC-3 instruments.

Water is pumped from the solvent

tank through valve X-36 by the solvent pump.

Solvent to

the bottom of the pulse column flows through valve~ and
. is regulated by FRC-1 instruments while solvent to the
bottom of the rotating disc contactor flows through valve
X-15 at a rate controlled by FRC-2 instruments.

Raffinate

from the bottom of the pulse column is pumped through valves
4

~ ' X-21, and X-7 and rotameter ~I-4 into the top of the
rotating disc column by the circulating raffinate pump.
The extract pump transfers the extract from the top of the
pulse column through valves X-3, X-17, X-23, and X-25 and
rotameter El::.!. into extract tank number one.

Extract from

the top of the rotating disc column is pumped by the raffinate pump through valves X-14 and X-28 and rotameter FI-3
into the raffinate storage tank.
Cocurrent ·Multiple Contact, Rotatins Disc Column to
Pulse Column.

Feed solution is pumped by the feed pump from
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the feed storage tank through valves X-34 and X-6 into the
top of the rotating disc contactor at. a rate controlled by
FRC-3 instruments.

Solvent is pumped from the solvent

tank through valve X-36 by the solvent pump and the flow .is
then split, part going into the bottom of the rotating disc
contactor via valve· X-15 and control instruments FRQ-2 and
the remainder flowing through valve

!:.1.2.

and. control

instruments FRC-1 .into the bottom of the pulse column.

'Die

circulating raffinate pump draws raffinate from the bottom
of the rotating disc contactor through valve X-13 and pumps
raftinate through valve~ X-21 and X-8 and rotameter FI-4
into the top of the pulse column.

Extract is pumped by the

extract pump from the top of the rotating disc contactor
through valves~' X-17, ~ , a n d ~ and ro.tameter El=J.
into extract tank number one.

Extract is pumped from the

top of the pulse column through rotameter ll.:2. to ~x.t raot
tank number two by the circulating extract pump with valves
X-4, X-18, and X-30 open.

Raffinate from the bottom of the

pulse column is pumped by the raffinate pump through valves
X-12 a n d ~ and rota.meter FI-3 into the raffinate storage ta.nk.
Countercurrent Multiple Contact,
Rotating Disc Column.

Pulse

Column ta

The feed solution is pumped from

the feed tank i·nto · the top of the pulse column through
valves

~

and X-5 by the feed pump at a rate controlle.d

by .. FRC-3 instruments.

With the solvent pump on, solvent
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flows from the solvent tank through X-36 and X-15 and con~
trol instruments FRC-2 into the bottom of the rotat.i ng disc
contactor.

Extract from the top of the rotating disc con-

tactor is transferred to the bottom of the pulse column by·
the circulating extract pump through rotameter ...,...._
FI-2 with
valves &:,g and X-10 open.

Raffinate from the bottom of

the pulse column is pumped by the circulating raffinate
pump through vaives ~ ' ~ ' and X-7 and rotameter FI-4
into the top of the rotating disc contactor.

The extract

from the top of the pulse column is pumped by the extract
pump through rotameter El:1. into extract tank number one
with valves X-3, X-17, X-23 and X-25 open.

The raffinate

from the bottom of the rotating disc contactor is pumped
by the raffinate pump through valves X-14 a n d ~ and
rotameter FI-3 into the raffinate tank.
Countercurrent Multiple Contact, Rotating Disc -contactor to Pulse Column.

The feed pump transfers feed solu-

tion from the feed tank through valves X-34 and~ into
the top of the rotating disc contactor.
controlled by FRC-3 instruments.

The feed rate is

Solvent is transferred

from the solvent tank by the solvent pump through valves

X-36 and~ into the bottom of the pulse column at a rate
regulated by FRC-3 instruments.

Extract is pumped by the

circulating extract pump from the top of the pulse column
through valves~ and X-9 and rotameter FI-2.

The circu-
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lating raffinate pump draw~ raffinate from the bottom of the
rotating disc contactor through valve X-13 and pumps it
through valves X-21 and X-8 and rotameter FI-4 into the ·top
of the pulse column as feed.

The extract from the top of

-

the rotating disc column is pumped through rota.meter FI-1
.

,

into extract tank number one with valves &:.l., X-17, X-23,
and X-25 open.

Raffinate is transferred from . the bottom of

the pulse column to- the raffinate tank through valves &:J._g
and -~

and rotameter FI-3.
Transfer Extract from Tank One to Tank Two.

The

extract solution flows by gravity from extract tank number
_one through valves X-27, X-20, and X-30 into extract tank
number two.
Transfer Extract from Tank Two to Tank · One.

The

contents of extract tank number two are . transferred by the
circulating extract pump to extract tank number one through
rotameter

~

with valves X-31, X-18, ~ ' and X-25 open.

Transfer Raffinate to Feed Tank.

The methanol-

depleted trichloroethylene flows by gravity from the
raffinate tank into the feed tank through valves~ and
X-32.
Transfer Extract to Distillation Unit.

Extract

is pumped by the extract pump from extract tank number one
through valves X-27, X-23, and X-26 to the distillation unit
where it flows through valves D-10 and/or D-13 into the
distillation unit feed tanka.
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Transfer Methanol from Distillation Unit.

Methanol

(overhead product) from the distillatlon unit is pumped
through valves D-19, .~ ' · and

~.

into the extraction

unit feed tank by the distillate return pump.
Transfer Water from Distillation Unit.

Water

(bottoms product) is pumped by the bottoms return pump from
the bottoms storage tanks through valves ~ ' D-2s·, ~ '
~ . and/or D-30 and~ into the solvent tank of the
extraction unit.
Add Methanol or Trichloroethylene to the Unit.
Methanol or trichloroethylene may be added to the extraction
. unit by attaching the drum of liquid to the connection at
valve X-38.

The circulating raffinate pump pumps the

liquid through valves X-22 and X-32 into the feed tank.
Operation of the Pulsed Perforated-Plate Contactor,
The procedures in the operation of the pulse column are
presented in this section.

Start-up and shut-down pro-

cedures are described in detail.
Pulse Freguengy Adjustment.

The pulse frequency

is adjusted manually with a handle on the variable
speed drive.

The adjustment gear dial is graduated

with numbers from zero to 38 and the dial has been
calibrated in terms .of revolutions of the drive shaft
per minute.

Figure 28 shows the relationship be-

tween the dial r ·e ading and the sha.ft revolution rate
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The data plotted in Figure 28 were obtained while pulsing a full column of water and are given in Table
VI.

Pulse ,Amplitude

Adlµstment.

An amplitude scale .

is attached to the center rod anchor plate (above
the bellows) and extends parallel to the bellows.

At

the lower extreme of the pulse, the . zero point· on the
amplitude scaie should be level with the top surface
of the bellows actuator plate (below the bellows).
If the top of the bellows actuator plate is not level
with the zero on the amplitude scale, the bellows
actuator plate may be brought to the zero point by
raising or lowering the nuts on the lower end of the
bellows guide rods.

With the variable speed drive

motor turned on and the eccentric turning at a. . low
speed, the pulse amplitude is adjusted by turning the
pulse amplitude adjustor clockwise (increase amplitude) or counter-clockwise (decrease amplitude) . until
the desired pulse amplitude is obtained.

A jam nut

is then tightened against the top of the pulse adjuster.

The length of the pulse is read from the

pulse amplitude scale at the upper extreme of the
movement of the bellows actuator plate.
Start~up Procedure for the Pulsed PerforatedPlate Column.

Before beginning an extraction experi-
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TABLE VI

- - -Sha.fta

Calibration of Dial on Pulse Mechanism Variable-SEeed Drive
Dial Setting

0
2

4
6
8

I

10
12
14

16
18
20
22
24
26
28
30
32 ·
34
36
38

Speed,

Shaftb
Speed,

Shaft a
Speed,

rpm

rpm

rpm

0

0

0
3c
9.8°
13.7c
23.0
29.0
34.5
40.0
46.o
51 • 1
55.1°
63.5c
66.5
71.2
75.2
79.7

83.7

87.0
91.0
94.0

6. 1

5.5

11 • 5

11-. 7

17.5
23.0
29.0
34.5
40.4

17.0

·--·-

---

46.o

51.3
56.7
62.2
66.5
71.5
75.8
79.8
83.8
87.0
91 ~o
94. 1

56.8
61.5

a

Test performed by increasing dial setting for each
successive value.

b

Test performed by decreasing dial setting for each
successive value.

c

Values obtained shortly after start motor and
before transmission had warmed-up. Not reproducible and not included in calibration curve.
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ment, all valves in the extraction unit except those
labeled FLOW should be closed.

lhe steps in starting-

up the pulse column should be ~dertaken in the following order:
1.

Be sure the feed and solvent tanks are

filled with liquids of the desired concentrations
for the test.

Also see that the extract andraffinate

tanks are empt,y.
2.

Make sure that all electrical circuits are

connected to the power source.

3..

Oil the bellows guide rod bushings and the

pulse adjuster guide.

4.

~ake sure the air compressor is running.

Open the brass pet cocks in the air lines which supply
air to the instruments to be used. · If necessary,
adjust the pressure regulators so that alr at 20
pounds per square inch, gage ls supplied to the
instruments.

5.

Start the Tel-0-Set instrument chart drives

with the· switches located on the top and at .the rear
of each instrument.

If necessary, add ink to the ink

reservoirs on the recording pens.

Turn the switch on

the temperature recorder MTR-1 to the "on" position.
6. Open the globe valves corresponding to the
type of operation desired with the exception of valve

X-34 at the feed tank and the valve in the raffinate

-96-

withdrawal line (X-11 or X-12 depending on the type
of operation).

7.

Move the set point on the solvent flow re-

corder-controller FRC-l to 0.5 gallons per minute and
turn on the solvent pump switch.

Fill the pulse

column and continue to pump for a few seconds in order
to prime the extract pump.

Move the set point on

FRC-1 back to zero and turn the solvent pump switch
off.
8.

With the adjustment dial on the variable .

speed drive set at zero, turn the pulse motor switch
on and turn the speed selector handle to a dial
reading of two.

Set the pulse amplitude adjustor by

turning the adjustor clockwise (increase amplitude)
or counter-clockwise (decrease amplitude) until the
desired amplitude is obtained.

Tighten the locking

nut against the top of the pulse amplitude adjustor.
Then slowly increase the speed of the variable speed
drive to the desired pulse frequency.

9.

Open globe valve X-34 at the feed · tank,

turn the feed pump switch on, and adjust the set
point on recorder-controller FRC-3 to the desired
feed flow rate.
10 •. When the interface between the aqueous
and organic phases has reached a point about six-
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inches above the raffinate withdrawal port, turn the
solvent pump switch on and move the set point on the
solvent flow recorder-controller FRC-1 to the desired
solvent flow rate.

Turn the extract and raffinate

pump switches on and open the raffinate gl~be valve

(A:.11. o r ~ ) which is specified for the type of
operation under study.
11.

Manually adjust the extract and raffinate

flow rates to maintain the interface about sixinches above the raffinate port in the pulse column.
Shut-down Procedure for the Pulsed PerforatedPlate Column.

The procedure for shutting down the

pulsed perforated-plate column at the conclusion of
an extraction experiment is as follows:
1.

Turn off the switches on -the feed, solvent,

and raffinate pumps and return the set point on FRC-1
and FRC-3 to zero.
2.

When the liquid level in the pulse column

has reached the extract withdrawal port, turn the
extract pump switch off.

3.

When all the organic phase has settled to

the bottom of the column, turn the pulse motor
switch off, and return the speed selector dial to
zero.
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4.

Start the raffinate pump and pump organic

phase into the raffinate tank until the aqueousorganic interface is just above the rafflnate withdrawal port.

5.

Turn the raffinate pump switch off.

6.

If desired, the liquid remaining in the

column may be drained through the drain cock in the
bottom of the column and collected.

7.

Close all globe valves except those marked

8.

Turn off switches on Tel-0-Set recorder-

FLOW.

controllers and the temperature recorder MRT-1~

9.

Close the brass pet cocks in the instrument

air lines upstream of the pressure filter-regulators.
Flow Conditions for ~n Extraction Experiment.

Flow

rates and stream concentrations for an extraction experiment were calculated by Okenfuss< 1 2 1 >. Factors considered
in the calculations were:

(1)

flow rates must be great

enough (over 0.11 and preferably between 0.2 and 0.5 gallons per minute) to be measured by the rotameter,,
(2)

the extract concentration must be between 15.0 and

25.0 mole per cent methanol with less than 0.5 mole per
cent trichloroethylene so that the extract can be used as
feed for the di·stillation unit, and

( 3)

the raffinate

should be trichloroethylene containing less than 1.0 mole

-99per cent water and less than

6.o mole per cent methanol,.

The flow conditions calculated(121) w~re as follows:

feed

with a composition of 50.0 mole per .c ent methanol, 40.0
mole per cent trichloroethylene, and 10.0 mole per cent
water entering the top of the extraction column at 0.35
gallons per minute '; essentially pure water as the solvent
entering the bottom of the column at 0.20 gallons per
minute; raffinate.containing 96.0 mole per cent trichloro. et~ylene and 4.0 mole per cent methanol leaving the bottom of
the column at 0.332 gallons per minute; and extract with a
composition of 80.0 mole per cent water and 20.0 mole per
cent methanol leaving the top of the column at 0.33 gallons
. per minute.

Less than one theoretical stage is required(122)

to perform the separation with the flow conditions listed
above. Distillation unit calculationsC. 1 ) were based on a
feed solution (extract from the extraction unit) containing
· 80.0 mole per cent water and 20.0 mole per cent methanol.
Analysis of Process Fluids.

Sample taps are located

at the bottom gage cock on all storage tanks an.d in the
extract and taffinate lines for the purpose of ramo.ving
samples for analysis.

Analytical instruments 1'9r ·the _

analysis of liquid samples from the extraction system, a.r:e
a dipping refractometer, a Westphal specific gravi.t.y
balance, and a vapor-liquid chromatograph. __ Aid( l l9)

presented calibration charts for each instrument for the
analysis of methanol-water solutions.

Refractive index
.

~

-100-

data for the system trichloroethylene-water-methanol have
been published{79) (see Table IV).

Operation of the Pulse Column
The initial test of the operation of the pulsed
perforated-plate column was performed by extracting methanol
from a trlchloroethylene-methanol solution into a water
phase.

The operation of the pulse column is discussed in

this section.

Also included are the data observed during

the initial operating test and the analyses of extract
samples which were taken during the operating test.
Pulse Column Operation.

An extraction was performed

in the pulsed perforated-plate contactor in order . to test
the operation of the pulse column and a~sociated equipment.
The approximate composition of the feed solution was 50
mole per cent methanol (purchased as "greater than 90 per
cent methanol 11 ) , 40 mole per cent trichloroethylene ·
{_technical grade), and 1O mole per cent water.

Forty- .

gallons of feed were prepared by adding approximately
14.1-gallons of methanol and approximately 24.8-gallons
of trichloroethylene to the feed tank.

Ten mole per cent

water in forty-gallons of feed solution requires 1.1 gallons
of water, however, no water was added to the feed because
water wa_s initially present in the bottoms of the storage
tanks; in pipes, in the filter shells, and in the pumps.

-101-

The test of the operation of the pulse column was,. pe~f0rmed
using tap water as the solvent because distilled. water
accelerated corrosion of the storage tanks.

The p:uilse

· column was initially filled with water (solvent) and the
pulse frequency set at 43 cycles per minute- with an
amplitude of 5/16-inch.

Feed solution was then admitted

to the column with no solvent entering or raf'f'ina.te exiting.
When feed was first introduced into the pulse column, the
aqueous phase became cloudy indicating the possible to~~ mation of an emulsion.

The flow of feed was stopped, and

the aqueous phase was observed both in the presence and
absence of pulsing.

Ten minutes after the feed flow was

stopped, the aqueous phase had not cleared and the flow of
feed and operation of the pulse mechanism were resumed_.
When the raffinate accumulated in the bottom of the pulse
column to a level of about six-inches above the .raffinate
withdrawal port, the pulse column was placed in .ope.r ation
with feed and solvent entering the column and extract and
raffinate leaving the column.

The feed and solvent ·.raues

(as indicated by the flow recorder controlie~) :were e.25
and 0.20 gallons per minute, respectively.

The ~xtraot

rate was regulated manually to maintain the level ot
liquid in the column from _o ne to three-inches .below. the
top of the column..

Raffinate was withdrawn from ·.the

column at a rate which maintained the interface b.~.t we.e n
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the aqueous and organic phases from four to eight-1nohes
above the raff1nate withdrawal port. ·Flow rates .were recorded, and extract and raffinate samples were withdrawn at
15-minute intervals.
in Table VII.

Flow and temperature data are given·

In order to test the pumps, flow control

instruments, and pulse mechanism, flow rates and pulse
conditions were varied as shown in Table VII.

Thro·u ghout

the operational te·st, the aqueous phase in the upper onethird of the ntilse column remained cloudy, and the outside
of that portion of the column was warm to the touch.

In

the center section of the column, below the section in which
the aqueous phase was clouded and above the, aqueous~organic
interface in the lower p_o rtion of the column, the aqueous
phase was clear and the organic phase was dispersed as
drops moving downward.
Analyses of Extract Samples.

The extract'

samples collected during the operation-test were not
disturbed for 24-hours to allow em'1lsified and
entrained material to settle.

The specific gravity

and refractive index · of the clear liquid 1n·each .
sample was measured with a Westphal balance and a _
dippirig refractometer, respectively • .The specitio
gravity and refractive index data are shown in
Table VIII.

Each extract sample bottle containe·d a

_layer of trichloroethylene in the bottom, ,-.and the ·
clear aqueous solution_was assumed to be an equilib-
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TABLE VII
Pulse Column Experiment ~ .
Elapsed

FRC-1

Solvent,

FRC-3

FI-2

FI-1

Feed,

Extract to
Tank #1,

gal/mina

gal/mina

Jt of Scale _;& of Scale ·

15

0.50

0.23

30

0.22

0.22

45

0.22

6oh

min

Extract to
Tank #2
1

FI-3

Temperature

Raffinate

% of

Scale

OF

°F

OF

°F

og·
52

5

20

0

34

83

77

79

95

0.32

16

0

20

85

77

77

97

0.23

0.27

18

0

20

83

78

80

99

75

0.25

0.28

28

0

10

83

79

81

100

90

0.20

0.25

22

0

10

85

84

87

1.00

105,1

0 •.20

0.25

12

0

26

87

84

85

99

1.20·

0.20

o.~6

24

0

14

87

.83

84

99.

a

b

c

~i

d

e

r.

g

h

i

FRO

FI

InstPutn$nt oa.l.i b.;x,a.t:ed for fluid of. specific gravity 1 .oo.
100% =' 1 "gal/min of fluid with specific gravity 1.00.
S.o.l ven;t ,_ . , ,...,;.
·

'•ed..: .:

Raffinate.

~-~t,r:~cr\,-... : ·, ;-_..

·

.·.

~ls&. ~i'J.'e(l\l8ll~3 43-/min, ~pli tude 5/16-inch.

:

.
Pulse frequency 61.8/min, amplitude 5/16-inch.
. At 110 minutes, pulse frequency 81.8/min, amplitude 1/4-inch.
Flow Recorder Controller.
Rota.meter.
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TABLE VIII
Analyse~ Q.!. Extract Sam12les
Sample

'Dime
Elapsed

min

Specific ·
Gravity,

Refractiveb
Index,

25°/25 oca

Compositionc
Water,

Trichloroethylene,

Methanol,

nfi5

Mole%

Mole %

Mole ;oot

82.9

o.o
o.o
o.o
o.o

17. 1

1. 33880

83.5

o.o

16.5

0.958

1. 33921

82. 1

o.o

17 .9·

105

0.958

1. 33921

82. 1

o.o

17.9

120

0.956

1. 33882

83.4

o.o

16.6

Extract

15

0.982

1. 33493

93.9

Extract

30

0.975

1. 33663

89.5

Extract

45

0.956

1. 33943

81. 3

Extract

60

0.959

1. 33894

Extract

75

0.962

Extract

90

Extract
Extract

6. 1
10.5
18.7

! o.4 °c.

a

Temperature regulated at 25

b

Bausch and Lomb Optical Co. Dipping Refractometer, Serial No. EB 4527 with
Prism A.

c

Irtterpolated from the e~uiyibrium· cur·v e refractive index data of .Rothl1n,
Crutzen, and Schultze 79.
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rium solution.

Compositions of the extract solutions

were obtained from the equil1b~1um-curve refractive
index data of Rothlin, Crutzen,. and Schultze(79)
and are included in Table VIII.
Results of Operation-Test.

The initial, operat1on-

test indicated that extraction o~erations could be performed with the pulsed perforated-plate cont.actor and
associated equipment.

The automatic flow control 1nstru-

men ts, the pulse mechanism, and the temperature rec,o rder
functioned properly.

The level of the liquid in the , ,

column and the level of the aqueous-organic interface
were difficult to control by the manual regulation o.f
globe valves in the extract and raffinate lines.
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IV.

DISCUSSION

In this section are included a discussion of the
design and operation of the extraction unit, recommendations
for future work, and the limitations or the equipment.

Discussion of the Design
The extraction unit was designed as an instructional
model to illustrate the purification ofuranium amt 'heavy
metals by liquid-liquid extraction.

Provisions wer& made

to allow the use of several liquid systems, a va~ie-~y ·or· ·
flow conditions, and future modification of the equ:lpmsnt.·
Instrugt1onal Facility.

The capacities of ,the a~orag•

tanks and the ranges of the flow control instrument'• perma;.1.
the performance of extraction expe.r imenta of 1-1/2 to ,,2•1\0\U's
duration.

Flow rates of the entering feed and solv6nt

streams are automatically recorded, and the .flo~ rates ot
the extract and raffinate streams leaving the extraction
column are indicated by rotametei-s.
and leaving streams are recorded.

Temperat,UP-es Of "e ntering
Sample taps· 8%'8' '-PN¥ided

on the feed and solvent storage tanks and in-the extract
and ra.ff1nate . 11nes.

A Westphal speoit1o gravity . balance,

a dipping refr~otometer, and a vapor-liquid chromatograph
are provided for the analysis of the samples.

With the
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information obtained from the process and analytical instruments, material and energy relationships can be studied.
The effects on extraction efficiency and pulse column
capacity of changes in variables such as total throughput·
rate, ratio of feed to solvent flow rates, FUlse frequency,
pulse amplitude, and plate geometry can also be readily
studied.
Flexibility of Design.

Throughout the design and

construction of the extraction unit, versatility and
flexibility were stressed.

Examples are the supporting

structures which were fabricated with bolted connections,
and the piping in which tees with the through arm plugged
were used in p.l ace of elbows for approximately 50 per cent
of the 90-de gree direction changes.

In the pulsed perforated-

plate column provisions were made for varying the frequency
and amplitude of the pulse, the number of perforated plates,
and the spacing of the plates.

The flexibility of the

design is illustrated by the fact that, although the design
was based on calculations made with data for the system
acetone-carbon tetrachloride-water, flow conditions were
calculated(121) and a preliminary test of the operation
of the equipment was made using the system methanoltrichloroethylene-water.

No changes were necessitated in

the design of any piece of equipment by the change in fluid
systems.
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Discussion of Equipment Operation
Operation of the pulsed perforated-plate extraction
column indicated that the extraction equipment, including
the automatic controls, is in working order.

The regulation

of the liquid level in the column and the level of the
interface between the aqueous and organic phases by the
manual adjustment of globe valves in the extract and raffinate
,lines, however, requires a great deal of attention.
levels are important.

Both

When the liquid level falls below

the extract withdrawal port, the extract pump loses its
prime and stops pumping.

When the interface level rises

into the contacting section of the column, the length of
the column in which solute transfer takes place is reduced
with resulting loss of extraction efficiency.

When the

interface level falls, the possibility of solvent being
carried-over with the raffinate is increased.

Recommendations
The extraction unit and the compan1on · d1stillat!on
unit are intended as instructional facilities to .,acquaint
undergraduate Nuclear and Chemical Engineering students
with operations involved in the processing af nuclear
materials; the unit operations extraction, dist1lla.t1on,
fluid-flow and heat transfer; and with the pr1noip1ea .ot
autQmatio control.

The extraction-distillation ·unit le
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capable of performing these intended functions and can also
be the basis of many research projects on both the graduate
and undergraduate levels.

The recommendations which follow

- include suggestions for experiments in the pulsed perforatedplate extraction column, and additions and .modifications to
the extraction unit.
Pulse Column Experiments.

It is recommended that

experiments be performed in the pulsed perforated-plate
extraction column to determine the effects of the following
variables on the capacity (flooding point) and efficiency
(HTU or H.E.T.S.) of the column:

pulse amplitude, pulse

frequency, pulse wave form, plate material, plate spacing,
clearance between the edge of the plate and inside wall of
the column, size of the perforations, shape of the perforations, throughput rate, and volumetric flow ratio.

A

series of three or more experiments should be run with
different values for a single variable during which all
other variables remain unchanged.~ This procedure should
be repeated for each variable.

The effects of most column

variables have been previously studied( 16, 18,33,35,45,46,

63,81,90,91,96,116), but no work of this magnitude and
scope has been undert~ken.
Different Liquid Systems.

It is recommended that

experiments be performed in the extraction unit with
several different liquid systems to compare the capacities
and efficiencies of the rotating disc column and pulse
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column.

In selecting new systems, care should be. exercised

to avoid components which are corrosive to the materials: of
construction ( black steel . , copper •. brass, glass, and bronze
· with gaskets of polyethylene, neoprene, and asbestos).

The

fact that the extract must be capable of separation in the
distillation unit must also be considered in the selection
of new systems to be used in the extraction .unit. · .
Flooding Velocity Experiments.

It is recommended that

a series of experiments be performed to determine the
emulsion flooding velocity of the pulse column (pages 32-33).
Both the feed composition and the three-component system
would be varied during this investigation.

Correla~ions

have been published(5 6 ,90,93,99) for predicting flooding
velocities for systems in which no mass transfer takes. place,
but the presence of an undistributed solute can change the
flooding point by as much(96) as 200 per c.e nt.

A flooding

velocity correlation applicable in the presence of mass
transfer would be a great aid in the design of pulsed
perforated-plate contactors.
Extraction Unit Capacity.

It is recommended that the

capacity of the extraction unit be increased. bf the', use of
flow transmitters and . controllers with ranges from z,e ro to
one-gallon per minute.
Interface Controllers.

It is recommended that

controllers be installed on both the rotating disc and. the
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pulsed perforated-plate columns to control the position of
the interface between the aqueous and· organi.c phase.a .inside
the colu.1nns by automatically regulating the rate at which
raffinate is removed from the columns.

Interface control-·

lers wo_u ld provide a greater degree of automatic. control of
the extraction unit and would also illustrate a type of
instrument not included elsewhere in the extracti.on~
distillation unit •.
Coating Inside 1iater Storage Tanks.

During the

preliminary piping and instrument checks, the storage tanks
were filled with distilled water.

Corrosion of the storage

tanl{s was indicated by a reddish-brown slime which colle·c ted
on the filter cartridges in the pump suction lines.

It is

therefore recommended that a corrosion resistant coating be
applied to the inside surface of the tanks which normally
contain water and water-methanol solutions.
Feed Hixinp; Tank.

The 55-gallon capacity of the

present feed tank means that fresh feed solution must be
prepared during an experiment if the experiment is more
than approximately two hours in length.

Two methods of

preparing fresh feed solution are now possible:

(1)

the

extraction columns must be shut down while feed solution
is mixed and the concentration is adjusted to the desired
composition in t·he feed storage tanlt; or

( 2)

wl th the

extraction columns in operation, the carrier solvent i :s
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added to the feed tanlr by gravity flow from the .r af'f1,n at.e
storage tank while the solute is pumped into the teed t ,a nk
from the distillation unit distillate tanks, both at r•tee
· calculated to yield feed solution of the desired concen- ,
tration.

There are no flow measuring devices in either the

carrier or solute streams, and mixing feed solution of 'bhe
desired composition will be very difficult b.y method (2),
resulting in upsetting the steady state operation of the.
extraction columns.

Neither

o~ these feed preparation

methods is entirely sa.tisfa.ctory and it is recommended ~that
a tank be installed in which fresh feed can be mixed while
the feed stream to the extraction columns is supplied f:rom
the existing feed tartc.•. ~

It is further recommended that

the mixing tank stand on end and that it be equipped w_ith
a -gage glass and an air driven mixer.

When the freah tee4

in the mixing tank has been adjusted to the desired~concentration, the solution can be transferred to the feed tank
without disturbing the operation of' the extraction c.mlumns.

Limitations
The limitations of' the design and operation of the
extraction unit and in particular the pulsed perforatedplate contactor are disc~ssed in this section.
Flow Rates, Concentrations, and Phase Ratios.

The

maximum solvent and feed flow rates which can be recorded
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are 0.5 gallon per minute.

The maximum flow rates which

can be indicated in the extract and z,affinate streams ,.-are·
1.0 gallon per minute.

These flow rates are not inilependent

· variables but depend on the concentrations of all four;·
streams.

The limiting factor is the ·concentration of the

extract stream which is used as the feed to the distill&-, .
tion column and must be capable of separation in the '
distillation unit.to produce overhead product of a concentration and at a rate which can be used to prepare ·f'l"eah·:
feed for the extraction unit.

In order to insure coun~er-·

current flow in the extraction columns, the feed concentration must be greater< 122) than 9 .9 mole per ' cent·. riri,..
chloroethylene..

The phase ratio or solvent-feed ra'tio,-- is

dependent on the extract concentration.

Less · than ·: O. 5:'; mole

per cent trichloroethylene can be tolerated in ·the t., extraet
stream.
Colpron Dimensions. · The pulse?, perforated-plate .
contactor is constructed of four-inch ·pyrex glass·. pipe,·
with the contacting section (containing the · pertorat.e d~
plates) 45-inches in length and se·ttling chambers above
and below the contacting section.

The perforated-plates

are brass plates 3-15/16-inches in diameter by 1/8-inch
thick. with two-hundred 1/8-inch holes making up 23 per cent
of the plate area-.

The column was constructed with 28

perforated plates, 1-1/2-inches apart.

The number of
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perforated-plates can be increased or decreased, thus
changing the height of the contacting section of the column.
By using plate spacers of different -sizes, the distance

· between the plates can be varied.

In increasing the length

of the contacting section of the column, care m~st be
exercised to maintain the settling chambers at the top and
bottom of the column of sufficient length to . allow·disentrainment of the effluent streams.
Pulse Frequency.

The maximum frequency of the pulse

applied to the pulse column is the maximwn speed of the
variable speed transmission, 94 revolutions per minute.
Pulse Amplitude.

With the present eccentric w~eel,

the pulse amplitude of the pulse column contents can be
varied from zero to one inch.

The maximum distance the

bellows could be compressed with a different eccentric is
approximately 1-1/2-inches.
Materials of Construction.

Materials used in the

construction of the extraction unit are black steel, copper,
brass, bronze, and glass.
ethylene, or asbestos.

Gaskets are of neoprene, poly-
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V.

CONCLUSIONS

The conclusions of this thesis pertain to the
construction and initial test of the operation of the
extraction unit and in particular to the construction and
operational test of the pulsed perforated.;.plate extraction
column.
1.

The conclusions are as follows:
The pulsed perforated-plate contaotor and

associated equipment, including the supporting structures,,
the storage tanks, the process piping, the control and : , .
indicating instruments, the instrument piping, the .pumps,
the pulse motor, and the electrical wiring were cons,truoted
and/or installed.
2.

A preliminary operational test of the pulsed

perforated-plate contactor was performed in which :methanol
was extracted from a methanol-trichloroethylene sol..uti.ort
with water.

The pulse column and all associa·t ed eq,u ipment

functioned properly.
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VI •

SUlvll~Y .

The Department of Chemical Engineering, Missouri
School of Mines and Metallurgy, was granted funds by the
United States Atomic Energy Commission for the purpose of
constructing a nonhazardous model to illustrate the purification of uranium and other heavy metals by liquid-liquid
extraction.

This unit also includes a distillation column

for recovery of the solvent.

As an instructional facility,

the unit not only illustrates the purification of uranium,
but also the principles of liquid-liquid extraction,
· distillation, fluid flow, mass transfer, energy transfer,
automation, and instrumentation.
The extraction unit consists of a pulsed perforatedplate extraction column and a rotating disc contactor with
the necessary accessory equipment. · The distillation unit
consists of a bubble-cap distillation column with the
necessary · accessory equipment.

The construction and

operation of the pulsed perforated-plate contactor is the
subject of this thesis.
The components of the extraction unit, including the
rotating disc contactor and the pulsed perforated-plate
column, the storage tanks, the process piping, the instrument piping, the pumps, the pulse and rotating disc motors,
and the electrical wiring have been constructed and/or

..

installed.
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The pulsed perforated-plate contactor is a vertical
column constructed of four-inch glass pipe.

The contacting

section of the column is 45-inches -in length and contains
28 perforated-plates, each with two hundred 1/8•1nch holes
making up 23 per cent of the area of the plate!
are spaced 1-1/2-inches apart.

The plates

The pulse is supplied to

the column contents by a bellows attached to the bottom. of
the column which .is alternately compressed and allowed to ('
expand by an eccentric wheel driven by a variable-speed
transmission.

The pulse frequency may be varied .between

zero and 94 revolutions per minute.

A pulse amplitude

adjuster was designed and fabricated to allow the ~ulse
amplitude to be varied from zero to one-inch.

Feed' to the·,·

extraction column enters at the top and is disper11ed··~n the
solvent which enters the bottom of the column.

An extract

phase is removed from the top of the column and is used as
feed to the distillation unit.

The solute-depleted teed

is withdrawn from the bottom of the extraction column as
raffinate.

Flow rates of the feed and solvent streams

are automatically controlled.

The extraction unit was

designed with flexibility to accommodate several liquid
systems.
A preliminary test of the equipment was performed,
with water as the solvent, methanol as the solute, and
trichloroethylene as the carrier solvent.

Feed solution
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eontaining approximately 50 mole per cent methanol,
approximately 40 mole per cent trichloroethylene, and
approximately 10 mole per cent water. entered the top o.f
the pulse colunm. and was contacted with water .flowing
countercurrently..

During the operation-test, the .feed .flow

rate was varied between 0.,22 and 0.32-gallons per minute,
and the solvent .flow rate was varied between 0.20 and o_ •.25
gallons per minute..

The pulse characteristics were changed

' .from 43 pulses per minute with an amplitude o.f 5/16-inch
to 61.8 pulses per minute with the same amplitude, and
later to 81 •.8 pulses per minute with an amplitude o.f
1/4-inch.
The preliminary operating-test o.f the pulsed p:e r.foratedplate extraction column indicated that the pulse column,
.flow control and indicating instruments ·, and associated
equipment are .functioning properly.

'The extract and-

ra.f.finate .flow rates were di.fficult to regulate by the
manual operation of' globe valves.
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